Development of an electrostatic peristaltic gas micropump and nanochannel fabrication technique by Lee, Ki Sung
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright 2012 Ki Sung Lee 
 
 
  
 
 
 
 
DEVELOPMENT OF AN ELECTROSTATIC PERISTALTIC GAS MICROPUMP  
AND NANOCHANNEL FABRICATION TECHNIQUE 
 
 
BY 
 
KI SUNG LEE 
 
 
 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Mechanical Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2012 
 
 
 
 
Urbana, Illinois 
 
 
Doctoral Committee: 
 
Professor Narayana R Aluru, Chair 
Professor Mark A Shannon, Director of Research 
Professor Placid M Ferreira 
Professor John G Georgiadis 
Professor Paul J A Kenis 
 
 ii 
ABSTRACT 
 
 Microfluidics refers to devices and methods for controlling and manipulating fluid 
flows with length scales less than a millimeter. By miniaturizing the size, microfluidic 
systems lead to many benefits including decreased cost in manufacturing, use, and disposal; 
reduced consumption of expensive samples and reagent; decreased time of analysis; 
reduced production of potentially harmful by-products; increased separation efficiency; 
and increased portability as in the case of a portable system. By taking advantage of 
microfluidic systems, many applications that utilize the micro-scale have been proposed 
such as micro total analysis systems (µTAS), implantable drug delivery system for high 
precision flow control, microchips integrated into computers to circulate coolant, as well as 
micro pumping for portable gas chromatography (GC) system. In a microfluidic system, 
the micropump is an essential component as an actuation sources to provide the driving 
force to mobilize fluids (liquid and gas) in a system. 
 In this dissertation, development of an electrostatic valve-less peristaltic 
micropump for gas pumping is discussed. The micropump consists of a Si chamber and a 
flexible polymer diaphragm. Electrodes are patterned on a chamber floor and on a 
diaphragm. A 4-sequence signal made by a custom-made logic circuit makes a peristaltic 
motion of the diaphragm and pumps gas in one direction. A single chamber and a 4-
electrode design reduce the dead volume of the micropump and eliminate a need of 
complicated structure such as valves. The maximum flow rate is about 40 µl/min at 95 V 
and 14 Hz operation.  
 iii 
 To improve the performance of the micropump, the chamber design and the 
electrode pattern are modified. First, a stepwise chamber fabricated by a 3D fabrication 
technique is utilized to reduce the dead volume and improve the backward flow control. 
The dead volume of the stepwise chamber is about 10-fold smaller and the flow rate 
increases about 30 % at low frequency regime (< 6 Hz) than a vertical chamber.  
 And a multi-electrode design is utilized to increase the characteristic frequency and 
the flow rate. As the number of electrodes increases and the width of the electrodes get 
narrower, the chamber is divided into smaller cells and the characteristic frequency 
increase. By operating the device at higher frequency regime, the maximum flow rate 
increase up to 248 µl/min with 16 electrodes at 160 V and 1400 Hz operation.  
 Finally, a double-sided chamber is utilized to increase the stroke volume with the 
same area of the chamber. The double-sided chamber has two fixed electrodes; one on the 
top chamber and the other on the bottom chamber. Although this design increases the 
stroke volume 4 times bigger than a single-sided chamber theoretically, the actual test 
results show about 9 times bigger flow rate. The power consumption per unit flow rate of a 
double-sided chamber is 67 µW/sccm, which is about 10-fold smaller than a single-sided 
chamber (870 µW/sccm.) 
 The latter part of this dissertation is about fabrication of nanofluidics components 
including nanopores and nanochannels. A nanopore with an embedded electrode is 
fabricated on a 20 µm thick SU-8 layer by using a focused ion beam. The diameter of the 
nanopore is about 500 nm. 100 mM phosphate buffer is used as an electrolyte and 
transported by electroosmotic effect. Using a non-dimensionalized model, the flow rate of 
the electrokinetic flow is estimated as 0.47 mm/s at 5 V DC.  
 iv 
 In addition, a nanochannel fabrication method using detachment lithography is 
developed and discussed. Since a patterned adhesive is used as a spacer and a channel wall, 
this method can be applied to various material including Si, glass, and polymer. The low 
curing temperature (~140°C) enables integration of metal electrodes and surface treatment 
such as SAM layer inside the nanochannels before bonding. A microchannel/nanochannel 
device is fabricated using this technique and a simple filling test is performed.  
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Chapter 1: Introduction 
 
1.1. Microfluidics 
 Microfluidics refers to devices and methods for controlling and manipulating fluid 
flows with length scales less than a millimeter [1]. Frequently, this means rectangular 
channels with cross-sectional dimensions on the order of tens or hundreds of microns [2]. 
Research on microfluidic devices fabricated with microfabrication technology began in the 
1970s. In 1977, at Stanford University, a gas chromatograph system was developed in 
silicon using microfabrication techniques [3]. It was the first analytical miniaturized device 
fabricated on silicon. This remarkable gas chromatograph consisted of an injection valve 
and a 1.5 m long separation channel and was able to separate a simple mixture of 
compounds in a matter of seconds [4]. In 1979, at IBM, ink jet printer nozzles were 
developed using microfabrication techniques [5]. Since then, many different microfluidic 
devices have been developed, ranging from single components such as flow sensors and 
valves for gas pressure regulation, to complex systems consisting of pumps, valves, flow 
sensors, separation capillaries, chemical detectors, etc [6]. 
With the characteristic length scale in the micron range, microfluidic devices 
process or manipulate small (10
–9
 to 10
–18
 liters) amounts of fluids [7]. By miniaturizing 
the size, a microfluidic system leads to many benefits; the ability to use very small 
amounts of expensive samples and agents; short time analysis; decreased manufacturing, 
use, and disposal cost; decreased analysis time; reduced production of potentially harmful 
by-products; increased separation efficiency; and increased portability as in the case of a 
portable system [7-9]. These benefits can be the driving force for microfluidic research in 
diverse areas including medical applications like implantable drug delivery [10, 11], high 
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throughput screening and rapid chemical analysis such as micro total analysis systems 
(µTAS) [1, 8, 9, 12], micro-reaction engineering, printing, and optical applications [2, 13]. 
For some applications, the reduction in size is critical (e.g. minimally invasive, possibly 
implanted or ingested, medical application). 
Among various applications, miniaturization of biological devices has attracted 
substantial attention and remarkable progress has been achieved. An integrated lab-on-a-
chip device can incorporate many of the necessary components and functionality of a 
typical room-sized laboratory into a small chip that performs a speciﬁc biological or 
chemical analysis including sample treatment, transport, reaction, and detection [14]. 
In the early stages of the development of microfluidics, most of devices were 
fabricated by using conventional microfabrication techniques originally developed for 
silicon for the microprocessor industry [15, 16]. Based on the benefits from established 
microfabrication processes, silicon has been widely used for integrating on-chip 
functionalities, manufacturing uniform through-holes, and obtaining tailored surface 
properties [17]. In addition, chemical resistance, mechanical strength, and temperature 
stability are advantages of silicon as a material for microfluidics. However, silicon is 
relatively expensive and opaque in the visible/UV region, thus making it unsuitable for 
systems requiring optical detection. In addition, borosilicate glasses are most commonly 
used for sealing silicon microchannels. Glass is transparent, but it is more difficult to etch 
straight side walls compared to silicon since it is amorphous.  
To overcome the limitations of silicon, new materials started to be used; especially 
polymers. Polymers have several advantages over silicon and glass. First of all, the cost of 
the material is cheaper. Compared to MEMS devices, microfluidic devices usually require 
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larger device volume due to sample volume and channel size. Therefore, the cost of the 
substrate material plays an important role in the choice of material for microfluidic devices 
[18]. Besides cost, a wider range of polymers with different surface chemistry exists. Their 
electrical and chemical properties are interesting for physical, chemical, and biochemical 
sensing [19]. Another advantage of polymers compared to silicon and glass is the 
biocompatibility [18] making polymeric devices the best candidate for DNA analysis [20], 
polymerase chain reaction [21], and cell handling [22]. One of the drawbacks of polymers 
is poor resistance to solvents. For chemical applications, microfluidic devices may need to 
handle a variety of solvents [23]. Furthermore, aging, chemical resistance, and UV 
absorption may limit the use of polymers for some microfluidic application [18]. 
 
1.2. Overview of Micropumps 
Micropumps can be defined as a pump with microfabrication technique based 
planar designs and functional dimensions in the micron range [8]. In microfluidic systems, 
the micropump is desired to be an actuation source to provide the driving force to mobilize 
fluids (liquid and gas) in a system to enable functions such as mixing, transporting, and 
separation. For example, biological or chemical samples must be moved through the 
components of miniature assay systems such as polymerase chain reaction (PCR) [24], and 
coolant must be forced through micro heat exchangers [25].  
Sometimes, the microfluidic transport requirements can be achieved by taking 
advantage of passive mechanisms, such as surface tension and capillary phenomena [26]. 
However, for many microfluidic systems, a self-contained, active pump, the package size 
 4 
of which is comparable to the volume of fluid to be pumped, is necessary or highly 
desirable [12].  
 In the early development of micropumps in the 1980s, micropumps were intended 
for use in controlled insulin delivery systems for maintaining blood sugar levels in 
diabetics without frequent needle injections [27]. Therefore, high volumetric flow rates 
were not required of those micropumps since the amount of insulin needed by a diabetic 
per day is less than a milliliter. However, precise volume control of the pumped fluid is of 
great importance as well as reliability, power consumption, and cost. 
Recently, as the interest in miniature systems for chemical and biological analysis 
grows, there has been a need for a micropump that can handle the range of fluid volumes 
for lab-on-a-chip or µTAS. Due to the range of fluid volumes of interest, micropumps are 
poised to become more widely used in µTAS. For example, to monitor single cells, fluid 
volume needs to  be manipulated on the order of 1 pico liter [28]. 
In addition, miniaturization of analysis systems enables portable systems. For a 
portable analysis system, micropumps that can produce high performance with low power 
consumption are highly desirable. 
 
1.2.1. Working principle of micropumps 
Simply stated, a pump can be defined as a machine used to move fluid through a 
piping system and to raise the pressure of the fluid [29]. A shown in figure 1.1, the input 
energy to the pump is used to raise the kinetic energy of the fluid, which is a function of 
mass and velocity. Therefore, a pump can be categorized by its principle of energy addition; 
a kinetic pump and a positive displacement pump.  In a kinetic pump, energy is 
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continuously added to the fluid to increase its velocity. In this category, a centrifugal pump 
is most commonly used due to its reliability, lower maintenance cost, and minimal pressure 
pulsation. On the other hand, in a positive displacement pump, energy is periodically 
added to the fluid by the direct application of a force to one or more movable volumes of 
the fluid. This kind of pump is able to pump viscous fluids. In addition, these pumps are, 
by nature, self-priming and energy efficient [29]. 
 
Figure 1.1. Pumps use energy to raise the pressure of the fluid 
  
 There are several parameters to choose a pump for a certain application; maximum 
flow rate, power consumption, maximum back pressure, efficiency, etc. For some 
applications, a pump requires high flow rate with a low back pressure, or vice versa for 
other applications. Often, power consumption and efficiency are not important parameters 
for macro scale applications. However, for micro scale applications, the power 
consumption and efficiency are important factors in determining a pump as well as the 
maximum flow rate and the maximum back pressure. Sometimes, for a portable 
application, the size of the device should be also considered.  
In the macro scale, a centrifugal pump is the most common type of pumps since it 
has good reliability with fewer moving parts resulting in lower maintenance costs. In 
addition, it produces minimal pressure pulsation [29]. However, this type of pump is not 
favorable at the micro-scale due to the low efficiency with decreasing Reynolds number 
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and limitations of microfabrication technologies [12, 30]. Although gears can be fabricated 
at the microscale, moving parts wear much faster in the microscale than in the macro scale, 
and the life of the device might be shortened significantly.  
Therefore, there are a variety of alternatives to rotating machinery for continuously 
adding momentum (or directly imparting Lorentz forces into the fluid volume) at the 
microscale. The most common kinetic pumps at the microscale are electro-hydro-dynamic 
(EHD) pumps, electro-osmotic pumps, and magneto-hydro-dynamic (MHD) pumps. These 
micropumps are all based on interactions between working fluids and an electromagnetic 
field [12]. This type of micropump is a non-mechanical pump without moving parts and 
adds momentum to the fluid for pumping by converting another energy form into kinetic 
energy [31]. The advantage of non-mechanical pumps is that they have relatively simple 
structures compared to mechanical micropumps with moving parts. However, their 
performance, including flow rates, depends on the properties of the working fluids and/or 
channel surfaces, and the pumping media is limited. For example, the flow rate of 
electroosmotic pumping is a function of permittivity of the fluid and surface charge density 
or zeta potential,  and the pumping media should be an electrolyte [32].  
Meanwhile, mechanical pumps or displacement pumps have moving boundaries or 
surfaces that do pressure work on working fluids in a periodic manner [12]. The 
mechanical pumps can handle a large variety of fluids but require complicated structures 
compared to the non-mechanical pump [33]. Many mechanical pumps utilize a periodic 
motion, incorporating some means of flow control to produce a net flow [12]. So, 
mechanical micropumps can be divided by the actuation mechanisms such as piezoelectric, 
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thermo-pneumatic, electro-magnetic, and electrostatic forces [31]. The basic actuation 
principle are shown in figure 1.2. 
Piezoelectric actuation uses a strain change of a piezoelectric material such as PZT 
(Lead Zirconate Titanate) under an electric field. The piezoelectric effect is related to the 
coupling that exists between mechanical deformation and electrical polarization. When 
used in micropumps, the basic idea is to convert the transverse piezoelectric strain to a 
large bending displacement in the perpendicular direction. This actuation method is the 
most frequently used in micropumps due to its high frequency operation, precise control of 
motion, and high stroke force. However, the fabrication of a piezoelectric device is 
relatively complex and limited in size [34].  
Thermo-pneumatic actuation works based on the principle that a material expands 
in volume as it is heated. Generally, a thermo-pneumatic actuator consists of a heater, a 
diaphragm and a sealing cavity. It is based on the thermally induced volume change or 
phase change of fluids sealed in a chamber. The periodical change in volume of the 
chamber results in a pressure change inside the cavity to actuate the flexible diaphragm. 
Although this actuation mechanism can generate a large pressure and a large stroke volume, 
it consumes large amount of thermal energy and high electric power (>1 W) and the 
operation frequency is relatively low (< 1 Hz) [35]. In addition, a heat transfer design and 
thermal control scheme may be needed to optimize the response time of the actuator.  
Electromagnetic actuation is based on an electromagnetic field generated by either 
magnet or micro coils. The movement results from the interaction between permanent 
magnets and the variable magnetic field generated by micro coils. Magnetic actuation 
forces can be either attractive or repulsive, thus bi-directional deflections of a flexible 
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diaphragm can be easily realized by switching the phases of input currents. This is 
advantageous in the micro domain since it provides bi-directional diaphragm movement, 
thus larger volume displacement. However, it generally provides only limited power at the 
micro scale since the electromagnetic force scales unfavorably with the volume of magnets 
or micro coils. This type of pump generally requires a large current (> a few Amperes) and 
power consumption (>1 W) for the amount of required force. 
Electrostatic actuation utilizes the electrostatic force between two oppositely 
charged plates. It depends on the electrostatic attraction force between two parallel plates, 
one of which is made to be a fixed electrode and the other one a movable electrode. The 
diaphragm of the electrostatic micropump can be actuated and displaced towards the fixed 
electrode by applying a voltage across the electrodes. When the actuation voltage is 
removed, the displaced diaphragm is released and returns to its original position. The 
periodic movement of the diaphragm makes the change in pressure of the volume of the 
cavity and induces a directional flow of fluid with an appropriate flow control method such 
as valves. The response time of the electric circuit is relatively fast (< 0.1 ms) if the mass 
of the diaphragm and damping effect of fluid can be neglected. Therefore, the electrostatic 
actuation can be operated at a high frequency range (>10 kHz) and easily integrated with 
other electronics. Additionally, electrostatic actuation consumes little power (<100 mW) 
due to its capacitive actuation principle. In general, electrostatic pumps require lower 
operating voltages than those with piezoelectric actuation and consume less energy than 
pumps using thermo-pneumatic forces [36]. For microfluidic systems that require the low-
power and low-temperature operation such as biological applications, electrostatic 
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pumping is even more attractive [33]. Compared to piezoelectric actuation, electrostatic 
actuation can produce more displacement, leading to a higher compression ratio.  
 
Figure 1.2. Actuation principles for micropumps: (a) Piezoelectric, (b) Thermo-pneumatic, 
(c) Electromagnetic, and (d) Electrostatic [12, 37] 
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Table 1.1. Comparison of pumping principles for mechanical micropumps [34, 38] 
 Piezoelectric 
Thermo-
pneumatic 
Electromagnetic Electrostatic 
Flow rate < 35 sccm < 0.1 sccm < 1.2 sccm < 30 sccm 
Pressure < 35kPa < 3.8 kPa < 10 kPa < 5 kPa 
Deflection < 3 µm < 30 µm < 30 µm < 5µm 
Power < 200 mW < 8000mW < 4000 mW <100mW 
Response 
time 
< 0.1 ms <1 s <1 ms < 0.1 ms 
  
1.2.2. Flow control methods 
Most of the mechanical micropumps have a moving boundary that applies a force 
to the fluid in a periodic manner. In addition to the moving boundary, appropriate flow 
control components are required to control the direction of flow and make a net flow of 
fluid in one direction. There are various manners including passive valves, active valves 
and a valve-less type. The passive valve type is the most basic and uses traditional 
components to control flow in the pump. The most common type of a passive valve is the 
mechanical flap structure at the inlet and outlet as shown in figure 1.3a. The valve remains 
closed until the pressure on one side is bigger than the sum of the pressure on the other 
side and the opening pressure. It results in fluid flow in only one direction like a check 
valve. This type of valve is widely used since it can be fabricated in micro scale and has a 
high reverse flow resistance in general. However, since passive valves often fail to respond 
to the change in pressure during high frequency operation, they are not suitable for high 
frequency operation.  
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 On the other hand, active valves open and close by an additional actuating 
mechanism as shown in figure 1.3b. This kind of valve requires a complex structure and 
fabrication process. In addition, they require additional power to operate. However, active 
valves allow pumps to be operated at a higher frequency and result in higher flow rate than 
the passive valves. 
 
 
Figure 1.3. (a) Passive one-way valve [39] is controled by the pressure difference, (b) 
active valve [40] is controled by external actuation forces, and diffuse/nozzle structure [41]. 
 
 Meanwhile, there are valve-less types of pumps that control the flow without 
moving parts such as valves. Therefore, they are relatively simple in structure, robust in 
possible wear and friction, and suitable for miniaturization [33]. In addition, they can be 
operated at higher frequencies regime since they are independent on moving parts and their 
actuation frequency. Also, they may be advantageous when the working fluid contains 
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cells or other materials prone to damage the pump or clogging [12]. One of the valve-less 
flow control methods is a diffuser/nozzle type shown in figure 1.3c. These pumps have a 
tapered inlet and outlet to provide flow directionality. The fluid tends to flow from the 
highly resistive end to the less resistive end. The other type of valve-less control method is 
peristaltic pumping. Peristaltic pumps generally have more than three chambers and 
pressurize each chamber in a sequence to direct the flow in one direction. In this way, it 
can control the flow without valves or a diffuse/nozzle structure. Peristaltic pumps have a 
number of advantages for microfluidic applications [31, 42]. The peristaltic motion 
eliminates the need for moving parts such as valves or a nozzle/diffuser design for flow 
control, which can lead to a decreased risk for clogging during the operation compared to 
complicated integrated devices. In addition, peristaltic pumps are capable of self-priming 
and bidirectional transportation [43]. The back pressure and reverse flow resistance for a 
valve-less pump is usually less than 1 kPa while the flapper valve pumps exhibit a high 
pressure rise bigger than 1 kPa.  
 
1.2.3. Pumping media 
Micropumps can also be categorized by the pumping media: liquid micropumps 
and gas micropumps. Although various micropumps have been developed and reported for 
several decades, most micropumps are used for liquid pumping and only ~10% among all 
reported micropumps are used for gas pumping [12, 31]. Since liquid micropumps deal 
with incompressible liquids, liquid micropumps can be predictably designed for flow rate 
and pressure generation. On the other hand, gas micropumps are more challenging to 
design for precise operation because gases are compressible, and the amount of diaphragm 
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displacement does not indicate the amount of gases pumped [34]. The flow rate in a 
diaphragm pump is calculated as the product of stroke volume and the actuation frequency 
of the diaphragm. Figure 1.4 shows a typical flow rate of micropumps as a function of the 
operation frequency for compressible and incompressible media. While the flow rate of the 
liquid pumping is linearly proportional to the frequency, gas pumping is not proportional 
to the frequency since the gas is compressible, and it has a phase difference between the 
pumped gas and the movement of the diaphragm. Therefore, it has a fluidic resonance 
when the phase difference is zero. Most of the gas micropumps reported in the literature 
were tested with air. The performance and operation conditions of previously reported gas 
micropumps are listed in table 1.2.  
 
 
Figure 1.4. The flow rate of the incompressible media is proportional to the operation 
frequency while the compressible media has a fluidic resonance and the highest gas flow at 
the resonance [34]. 
 
 14 
Table 1.2.  Performance with operation conditions and characteristic dimensions of the 
previously reported gas micropumps.  (* Minimum. ** Maximum) 
 
Author, 
Year 
Actuation Valve 
Max. 
Flow 
rate 
(sccm) 
Frequency 
(Hz) 
Max. 
Back 
Pressure 
(kPa) 
Chamber 
area/depth 
(mm
2
/µm) 
Voltage 
(V) 
Stemme, 
1993 [41] 
Piezoelectric 
Diffuser/ 
Nozzle 
35 6000 2.35 283 / N/A 20 
Stehr,  
1996 [44] 
Piezoelectric 
Passive 
flapper 
8 1600 N/A 28/ N/A 100 
Kamper,  
1998 [45] 
Piezoelectric 
Passive 
flapper 
3.5 300 50 78.5 / 0
*
 N/A 
Cabuz, 
2001[46] 
Electrostatic Valve-less 30 95 2 225 / 100 95 
Schabmueller, 
2002 [47] 
Piezoelectric 
Diffuser/ 
Nozzle 
0.69 3400 N/A 32 / 30 300 
Linderman, 
2003 [48] 
Electrostatically 
actuated fan 
Valve-less 0.011 21600 N/A 
600 µm 
wide fan 
N/A 
Kim,  
2007 [34] 
Electrostatic 
Active 
valve 
4.0 15000 17.5 180 / 5 ±100 
Han,  
2008 [49] 
Electrostatic 
Passive 
flapper 
0.035 0.4 N/A 80 / 80
**
 250 
 
 
1.3. The objective and scope of the dissertation 
 My research during the Ph.D. program focused on microfabrication and 
characterization of micro-electro-mechanical system (MEMS) devices and micro-/nano-
fluidic channel for various applications.  
 The first part of my dissertation (Chapter 2 ~ 5) focuses on development of a gas 
micropump for a portable gas chromatography system. The goal of this project is to 
develop a micropump that consumes less energy than 1 mW and pumps gases with flow 
rates higher than 1 sccm. This research includes (1) the design of the micropumps, (2) the 
development of fabrication techniques, and (3) the characterization and analysis of the 
pump performance. 
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In chapter 2, the basic design of electrostatic peristaltic gas micropump is discussed 
from the material to the flow rate, power consumption, and efficiency. Based on this basic 
design, the following chapters show modifications to improve performances of 
micropumps including higher flow rates, lower operation voltages, lower power 
consumption, etc. In chapter 3, a stepwise chamber fabricated by a 3D structure fabrication 
technique is shown. A stepwise chamber is utilized to reduce the dead volume of the 
micropumps and increase a control on the backward flow. In chapter 4, a micropump with 
multiple (>4) electrodes is discussed. To increase the characteristic frequency of the device, 
the multi-electrode design is utilized and divides the chamber into smaller cells. In chapter 
5, a double-sided chamber design is introduced. By utilizing a dual chamber on both sides 
of the diaphragm, the stroke volume of the pump can increase 4 times compared to the 
single-sided pump. 
 The second part (Chapter 6) is on fabrication and characterization of nanopore and 
nanochannels. The nanopore with an embedded electrode is fabricated by using focused 
ion beam (FIB). The embedded electrode is for electrokinetic transport. In addition, 
development and application of a nanochannel fabrication technique using detachment 
lithography is discussed. Using detachment lithography of an epoxy-based adhesive, 
nanochannel devices are fabricated and characterized. 
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Chapter 2: Design of Electrostatic Peristaltic Gas Micropump 
 
This micropump is developed as a part of a micro gas chromatography system. 
Therefore, one of the goals of this micropump is to minimize power consumption during 
pumping. As mentioned before, electrostatic actuation can, in principle, consume less 
power than other methods of actuation including piezoelectric actuation and thermo-
pneumatic actuation [8]. In addition, a peristaltic mechanism to control flow does not 
require extra structures such as valves and power to operate them.  
The basic design of an electrostatic peristaltic gas micropump is a single-sided 
pump with 4 electrodes on a flexible diaphragm and a single chamber. Although the 
peristaltic motion can be produced with only 3 electrodes, the 4-electrode design is utilized 
for further study with multiple (>4) electrodes system. 
 
2.1. Design 
 A schematic of the mechanical structure of the micro pump is given in figure 2.1. 
The pump has a chamber fabricated on a (100) silicon wafer and a flexible polyimide (PI) 
diaphragm. The size of the chamber is 5 mm (W), 32 mm (L), and 15 µm (H). While most 
peristaltic pumps have multiple chambers, a single-chamber design is utilized for this 
research. A single chamber design reduces the dead volume of the chamber compared to a 
multi-chamber design since the elimination of inner walls allows the diaphragm to touch 
more area. In addition, since there is no narrow channel connecting chambers, the 
hydraulic resistance of the device is reduced. 
 For electrostatic actuation, an electrode is deposited on the chamber floor and 4 
electrodes with a width of 5 mm are deposited on the PI diaphragm. When an actuation 
 17 
voltage is applied between an electrode on the chamber floor and an electrode on the PI 
diaphragm, electrostatic forces will pull the diaphragm down. Without the actuation 
voltage, the diaphragm returns to its neutral position by the elasticity of the diaphragm.  
 
Figure 2.1. A schematic of a peristaltic pump with a single-sided chamber and 4-electrode 
pattern is shown along with (a) the actual device and (b) the package. 
 
 To make a peristaltic motion of the diaphragm, a custom made logic circuit is 
developed. This logic circuit shown in figure 2.2 makes a 4-phase sequence signal using a 
periodic square signal from a function generator. The operating principle is as following. 
The 5 V square signals created by the logic circuit and the function generator turn on the 
transistor and the transistors transfer amplified DC voltages to the final nodes. The desired 
signals are A C=  and B D= . 
  Figure 2.2c shows the 4-phase sequence signal made by the logic circuit, and figure 
2.3 shows the movement of diaphragm by the signal. One electrode is pulled down to the 
bottom electrode on the chamber, while the adjacent electrodes are not pulled in. This 
action makes a fluid packet, which is determined by the width, the height of the cavity, and 
the distance between the two pulled-in electrodes. The pulling-in of the electrodes with 
proper sequencing results in the peristaltic motion of the diaphragm and induces pumping 
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of the fluid in one direction. Therefore, the pumping rate is a function of the frequency and 
the volume of the fluid packet. 
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Figure 2.2.  (a) 4-phase sequencing signal and peristaltic motion of the PI diaphragm, (b) 
logic circuit, and  (c) actual measurement of 4-sequence signal which is amplified to 30 V. 
 
(a) 
(b) 
(c) 
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Figure 2.3. A schematic (left) explains the operation of the micropumps and 4-phase of 
operation (right) 
 
2.2. Materials 
Since this micropump is developed as a part of the UIUC gas chromatography 
system, the substrate should be Si for integration with other components such as micro 
columns and gas sensors.  
As for the diaphragm material, several candidates are considered. For high 
performance of an electrostatic micropump, the material of the diaphragm should have 
good electrical and mechanical properties such as i) high dielectric constant to apply high 
actuation voltage, ii) no pin holes for better electrical insulation, iii) elasticity to reduce the 
strain energy for actuation, and iv) no hysteresis. In addition, an electrical conductor must 
adhere to the diaphragm, and considering the fabrication process with a Si chamber, the 
diaphragm should be easily bonded to Si and the adhesion should be good. Several 
polymers are chosen for candidates of the diaphragm material as shown in table 2.1. 
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Table 2.1. Mechanical and electrical properties of candidate polymers for a diaphragm of 
micropump 
Material 
Young’s 
Modulus  
Poisson 
ratio 
Dielectric 
Constant 
Adhesion 
to metal 
Adhesion to 
SiO2 
Parylene C 400 MPa 0.4 3.1 Poor Bad 
PMMA 1.8 ~ 3.1 GPa 0.35~0.4 2.6 Good Good 
PDMS 0.4~0.9 MPa 0.5 2.3~2.8 Poor Excellent 
Polyimide 2.5 GPa 0.34 3.4 Good Good 
SU-8 4.0 GPa 0.22 3 Good Poor 
 
From the table above, parylene C and PDMS are too soft to be used for the 
diaphragm. Since the natural frequency of the diaphragm is a function of Young’s modulus, 
the natural frequency of the diaphragm is too small with a low Young’s modulus, and it 
limits the operation to a low frequency range. In addition, the adhesion to metal of 
parylene C and PDMS are worse compared to other polymers such as PMMA, polyimide 
and SU-8. Meanwhile, although SU-8 has good electrical and mechanical properties, it is 
difficult to bond SU-8 to the Si Chamber. Both PMMA and polyimide have similarly good 
electrical and mechanical properties and can be bonded to SiO2 by using an epoxy-based 
adhesive which is developed in our research group [50]. However, we found that PMMA 
has much more pinholes than polyimide after spincoating and the pinholes drop the 
breakdown voltage significantly. With the above considerations, polyimide is chosen as the 
best material for the diaphragm of this micropump.  
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2.3. Modeling 
2.3.1. Flowrate 
a. Inlet and Outlet 
 Near the inlet and outlet, the flow is produced by the pressure difference between 
the chamber and the outside of the inlet/outlet.  For example, from stage 1 to stage 2 in 
figure 2.3, when the electrode B is pushed up, the volume of the fluid packet near the inlet 
doubles and the pressure in the packet drops. The pressure difference between the inside of 
the packet and the outside makes the flow move from the outside into the chamber. On the 
other side, from stage 4 to stage 1, with the electrode C pulled down, the volume of fluid 
packet becomes halved and the pressure increases. The higher pressure inside the chamber 
pushes the fluid through the outlet. Therefore, 1 cycle has 2 suction steps and 2 discharge 
steps. These pumping mechanism can be described by following the equation based on the 
conservation of mass [51]. 
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 P, n, and ρ represent pressure, a polytropic gas constant, and the density of the gas 
respectively. inm& , outm&  are the mass flow rate through the inlet and outlet. C indicates 
coefficient to account for non-ideality and R is fluidic resistance. The subscripts c denotes 
the chamber, and subscript in and out represent inlet and out respectively.  
 The effective flow rate netQ  of the micropump is the summation of the inlet flow 
inQ and the outlet flow outQ . Although inQ  and outQ may not be the same during the 
transient period, the integrations of the temporal flow rates during one pumping cycle are 
the same.  
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where τ is the cycle time. Therefore, the flow rate of the micropump is described as 
 
fQQ ×=  (2.8) 
 
b. Lumped-system analysis  
To describe the peristaltic motion of diaphragm and flow rate of the micropump, a 
simple method based on the concept of lumped elements [52] can be employed for analysis. 
The fluid system can be represented by an electrically equivalent circuit. Then, the flow 
rate and the pressure are analogous to the electric current and to the voltage respectively. 
The pressure difference ∆P between cells can be related the volumetric flow rate Q as in a 
R-L circuit [53]. 
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dt
dQ
LRQP +=∆  (2.9) 
 
 Here R and L represent flow resistance and flow inertia respectively. The 
equivalent electrical circuit for 4-electrode micropump is shown in figure 2.4. 
 
 
Figure 2.4. Flow system of the 4-electrode micropump and the equivalent electric circuit is 
shown [53]. 
 
In figure 2.4, Pi is the pressure in i
th
 cell and Pin and Pout is pressure at inlet and 
outlet. Rci, and Lci are resistance, and inductance from fluidic path between cells 
respectively. Ci is the capacitance from the chamber volume and the compressibility of 
fluid and the chamber. Qin, Qi, and Qout are the flow rate through the cells and Qmi is the 
volumetric flux generated by a reciprocating diaphragm, or an electrode. 
From the model above, the following relations are obtained: 
 
dt
dQ
LQRPP ininininin +=− 1  (2.10) 
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dt
dQ
LQRPP ciciciciii +=− +1
 
for i=1, 2, and 3 (2.11) 
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Also, the mass conservation applied to the cells lead to the following equations: 
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From the equations above, the flow rate of the pump, Qout, can be estimated with 
appropriate conditions to represent 4-phase sequence operation. 
 
2.3.2. Touch down voltage 
 The micropump actuated by electrostatic forces can be modeled as a spring-mass 
system with one fixed electrode and one movable electrode as shown in figure 2.5. 
Certainly, the actual system differs from the spring-mass model since this model assumes 
that the spring constant is constant, which is not true for the actual system. Nevertheless, 
when the travel distance is small enough, we can easily assume that the spring constant is 
constant and this model is still helpful in understanding the actual system.  
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The initial distance between two electrodes is z0, the applied voltage is V, the area 
of the electrode is A, and ε0 and εr are absolute and relative permittivity constants, and 
effective spring constant is k. As the voltage increases from zero, the movable electrode 
starts to be attracted towards the fixed electrode and reaches an equilibrium point where 
the electrostatic force becomes equal to the elastic force. As the voltage continues to 
increase, the movable electrode is accelerated toward the fixed electrode and touches the 
fixed electrode because the electrostatic force is proportional to  

(	
)
 and increases 
much faster than the elastic force. In this situation, the maximum voltage for equilibrium is 
defined by the touch-down voltage since the value is the minimum voltage to pull the 
diaphragm to the chamber floor.  
 
Figure 2.5. Modeling the mircopump to calculate the touch-down voltage  
 
 To derive the touch down voltage, the following can be derived from the model in 
figure 2.5. The elastic force by spring is )( 0 zzkFs −= , and the electrostatic force between 
two electrodes is 
2
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−= . Since they should be equal at the equilibrium point, 
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 From this relationship,  
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Figure 2.6. Relationship between the equilibrium position and the applied voltage; The y 
axis is a function of V since other variables are constant, and the x axis indicated by z is 
the position of the movable electrode.  
  
From figure 2.6, as the voltage increases from zero, the movable electrode starts to 
move from z0, and at some point, it reaches the maximum value of V. This point indicates 
the touch down voltage, VT. With a voltage bigger than this value, the movable electrode 
can not be in equilibrium and is attracted to the fixed electrode. Thus, it touches the fixed 
electrode. From the relationship above, VT occurs at 0
3
2
zz =  and  
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 Also, this can be explained by the total energy in this system. The electrostatic 
energy stored between two electrodes is  
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and the elastic energy stored in the spring is  
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The total energy of the system is  
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For the system to be in equilibrium,  
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which is the same equation for the force equilibrium. In order for z to have a solution, V 
should be smaller than a certain value, which is the touch down voltage, VT. 
 
2.4. Fabrication  
 The micropump consists of a silicon chamber and a flexible polyimide (PI) 
patterned-metallized diaphragm. The Si chamber and the PI diaphragm were fabricated 
separately and bonded together with an epoxy-based adhesive. The fabrication process is 
shown in figure 2.7 and the pictures of Si chamber, PI diaphragm is shown in figure 2.8. 
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Figure 2.7. Fabrication procedure for a single-sided peristaltic micropump 
 
2.4.1. Si Chamber 
For a Si chamber, a 350 µm thick <100> wafer was used. Photoresist, AZ1518, was 
spincoated on the top and bottom side of the wafer. A chamber pattern was made on the 
top side while the inlet and outlet pattern were made on the bottom side of the wafer. The 
size of chamber is 5 mm (W) × 32 mm (L) and the diameter of both the inlet and outlet is 1 
mm. Using deep reactive ion etching (DRIE), the chamber pattern was etched from the top 
side. The etching depth determined the depth of the chamber, which was 15 µm. An inlet 
and outlet for fluidic connection were also etched from the bottom by the DRIE process. 
After DRIE etching, the PR on both sides of the wafer was stripped and cleaned. For an 
electrical insulation, a 500 nm thick silicon oxide layer was thermally grown and a Cr/Au 
layer was deposited on the chamber floor using a shadow mask. An additional 200 nm 
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silicon dioxide was deposited on the electrode by plasma enhanced chemical vapor 
deposition (PECVD) for electrical insulation. Although the electrode on the PI was 
insulated by 1.5 um thick PI layer, this thin polymer layer is easily broken due to the 
pressure during the bonding process. To improve the yield of the insulation layer, an 
additional oxide layer was deposited. Finally, using reactive ion etching, a 100 nm thick 
anti-stiction coating, CFn film, was deposited selectively on the chamber floor to prevent 
the stiction problem between chamber floor and the PI diaphragm during the operation [54]. 
 
2.4.2. PI diaphragm 
 For the PI diaphragm, polyimide (PI-2545, HD Microsystems) was spincoated on 
the solvent-cleaned coverglass (22 mm × 40 mm) at 5000 rpm and cured at 350°C for 3 
hours. The cured PI film is about 1.5 µm thick. A Cr/Au/Cr (5 nm/50 nm/5 nm) layer was 
deposited on the PI layer. For adhesion to the 2
nd
 PI layer, Cr is deposited on the Au layer. 
For patterning, PR was spincoated on the metal layer and exposed to UV light with a mask. 
After exposure, PR is developed and the unwanted area of metal is etched away by soaking 
in appropriate etchants in sequence. PR is stripped and an additional 1.5 µm thick PI layer 
was spincoated on the metal layer and cured under the same condition as the first PI layer. 
Finally, before bonding the PI diaphragm to the Si chamber, a 100 nm thick anti-stiction 
coating, CFn film, was selectively deposited by using a shadow mask on the area that 
touches the chamber floor.  
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2.4.3. Bonding process  
A custom-made epoxy adhesive was used to bond the PI diaphragm to the Si 
chamber [50]. When applying the adhesive to the Si die, a contact printing method was 
used to keep the chamber from being coated with the adhesive [55]. The adhesive was 
coated on a PDMS puck and brought into a conformal contact with a Si chamber. After 
peeling away the PDMS puck, only the adhesive in contact with the Si was transferred, and 
the chamber floor was kept clean. Then, the PI layer with the electrode pattern was bonded 
onto the Si chamber with adhesive. At this step, the stack of PI and the Si chamber is 
pressed down with a Teflon ball and the adhesive was cured at 140°C for 10 min. After 
bonding, the coverglass is release by soaking in 80°C water for 24 hours. Since PI absorbs 
water, after soaking in hot water, PI layer expands and is released from the substrate. After 
releasing the coverglass, the device stack was soaked in an isopropanol alcohol (IPA) bath 
to substitute water inside the chamber with IPA that leaves no residue. And the devices 
stack was baked on a 120°C hotplate for 10 min to dry. To open electrical contact pads, the 
PI layer was selectively etched with a shadow mask in an O2 reactive ion etcher. Finally, a 
Nanoport
TM
 assembly is bonded at the outlet for fluidic connection to the flow meter. 
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Figure 2.8. Picture of (a) PI diaphragm with 4-electrode pattern on a coverglass, (b) Si 
chamber with a Au electrode on the chamber, and (c) PI diaphragm is bonded onto the Si 
chamber and released from coverglass. PI is etched for an electrical contact. 
 
2.5. Experiments 
 The actual test setup is shown in figure 2.9. For electrostatic actuation, a 4-phase 
sequence signal (A~D in figure 2.2) was generated by a function generator (HP 33120A) 
and a custom-made logic circuit. The signal made by the logic circuit was amplified from 
60 V ~ 300 V by using a DC power supply and applied to the electrodes on the diaphragm 
of micropumps. When the signal is applied to the electrode on the diaphragm, the 
diaphragm is pulled down to the chamber floor since the electrode on the chamber floor is 
grounded.  
To measure the flow rate, a gas flow meter (FMA 1615A, Omega) was connected 
to the outlet of the micropump using external plastic tubes. And a data acquisition board 
(LabJack U3, LabJack Co., USA) was used to read and store the test data from the flow 
meter. The data acquisition rate was 100 Hz.  
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Figure 2.9. The picture of the actual testing setup to measure the flow rate of the 
micropump 
 
 In order to measure the power consumption, an additional resistance (50Ω) was 
added serially to the system as shown in figure 2.10. The voltage across the resistance and 
the voltage across the device were recorded with an oscilloscope as a function of time 
during the operation of the micropump. The current flow through the system was 
determined from this measurement (
R
V
i Rc = ) and the instantaneous power was calculated 
by multiplication of the current and the voltage across the device.  
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Figure 2.10. A schematic of the circuit to measure the power consumption is shown. By 
measuring VR, the current across the device and the instantaneous power of the device can 
be calculated.  
 
To ease the measurement and save time for preparation, a sample holder was also 
built as shown in figure 2.11. The sample holder is made of polycarbonate for electrical 
insulation and machined using an NC milling machine. In addition, gold-coated spring-
loaded pins (pogo pins) and alligator connectors are used for electrical contact instead of 
soldering. Although a soldering method produced lower contact resistance (5~6 Ω), the 
higher temperature required for soldering would often burn the polymer layer and break 
the electrical insulation. The contact resistance of pogo pins was less than 10 Ω. In 
addition, each electrode has two contact pads to check the electrical continuity of the 
electrode.  
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Figure 2.11. A sample holder is built to ease measurements. 
 
2.6. Results and Discussion 
2.6.1. Etching a Si chamber 
To etch a Si chamber, several methods are available including isotropic and 
anisotropic etching. As shown in figure 2.12a, deep reactive ion etching (DRIE) with 
BOSCH process etches Si anisotropically and gives a vertical side wall. With (100) Si 
wafer, KOH gives 54º angled side-wall (figure 2.12b). And isotropic etchant such as XeF2 
produces a round sidewall profile shown in figure 2.12c.   
 
Figure 2.12. Cross sections of grooves etched in silicon with (a) DRIE (BOSCH process), 
(b) KOH in (100) silicon, and (c) XeF2 etchant. 
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 A slightly angled sidewall on the micropump can be advantageous since it can 
induce a zipping action of the diaphragm, lower the minimum operation voltage, and 
reduce the dead volume. However, since the slope angle to induce a zipping action is less 
than 1º, KOH etching and isotropic etching serve no useful purpose for this research. 
Although Han succeeded in the fabrication of a slightly (~1.3º) sloped chamber using 
mechanical grinding and chemical-mechanical planarization (CMP) [49], it was not 
suitable for mass production.  
As mentioned in the previous chapter, DRIE is used to etch the Si chamber to 
simplify the fabrication process. However, the vertical sidewall of the chamber has 
inherent dead volume that does not adequately control the backward flow (see figure 2.13). 
Consequently, this design reduces the net flow rate.  
 
Figure 2.13. The vertical wall cuases a dead volume and backward flow (black arrows), 
consequently reduction in flow rate. The schematic is not in scale. 
 
 
2.6.2. Residual stress and natural frequency of the PI diaphragm 
 During the operation of the micropump, the diaphragm is pulled down to the 
chamber by an electrostatic force between the electrode on the diaphragm and the electrode 
on the chamber floor. Without the actuation signal, the diaphragm comes back to its 
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neutral position by its residual stress. This working principle works only when the 
diaphragm is in tensile stress after the fabrication.  
 The fabrication process of the PI layer is shown in figure 2.14. The PI diaphragm is 
spincoated on coverglass at room temperature and cured at 350 ºC. After being cured, a 
gold electrode pattern is deposited on the PI diaphragm, and a 2
nd
 PI layer is spincoated 
and cured under the same conditions as the 1
st
 PI layer. Then, the PI layer on the 
coverglass is bonded to a Si chamber. The epoxy-based adhesive used for bonding is cured 
at 140ºC. Therefore, it can be assumed that the PI layer is in equilibrium at 350ºC with the 
coverglass, and for bonding, it is in equilibrium at 140ºC with the Si chamber and cooled 
down to room temperature. To calculate the residual stress of the PI diaphragm, we can 
assume that  
(i) the PI diaphragm is thin (σz = 0) 
(ii) it is isotropic ( ε
υ
σσσ
)1( −
===
E
yx
) 
(iii) the Si chamber and coverglass is much thicker than the PI diaphragm.  
 
 
Figure 2.14. The curing and bonding process used to calculate the residual stress on the PI 
diaphragm.  
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Table 2.2. Material properties to calculate the residual stress on the PI diaphragm.  
Materials 
E 
(GPa) 
Thickness  
(µm) 
CTE  
(ppm/°C) 
PI 3.2 3 70 
Coverglass 70 250 5 
Si 185 350 2.6 
 
From the material properties in table 2.2 and the fabrication parameters, the strain 
of the residual PI diaphragm after fabrication can be calculated as following.  
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 And the residual stress on the PI diaphragm is  
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which is positive and tensile. Therefore, the diaphragm remains tense like a drumhead even 
after releasing from the coverglass.  
 Using this residual stress, the natural frequency of the diaphragm also can be 
estimated to determine the range of operational frequency. The natural frequency of a thin 
diaphragm is a function of geometry (width (a) length (b), and thickness (h)), tension per 
unit length of the edge (S=σh), and mass per unit area of the diaphragm (γ= ρh). [56] 
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Although the 50 nm thick Au electrode pattern on the diaphragm is neglected for 
this calculation, it can be expected that consideration of the Au layer would increase the 
natural frequency. In addition, since the diaphragm has multiple independently-actuated 
electrodes, it does not vibrate in the first resonance mode, which has the lowest resonance 
frequency. If the pumped fluid is liquid with high density and viscosity such as water, the 
resonant frequency of a diaphragm can be attenuated significantly by the damping effect. 
However, for a gas fluid load, the frequency shift is slight.  Zhou and Amirouche [57] 
reported that their PDMS diaphragm, which is electromagnetically actuated, has a 
resonance frequency as 138.1 Hz without considering a damping effect by fluid. And the 
frequency is shifted to 104.67 Hz with a gas fluid load and to 5.33 Hz with a water load. 
Therefore, we can conclude that this gas micropump can be operated in the 
frequency regime smaller than 27.4 kHz.  
   
 
2.6.3. Flow rate 
 The flow rates of the micropumps are measured by using a flow meter connected to 
the outlet of the micropump through a plastic tube when the gas is ejected to the 
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atmosphere pressure (no back pressure). A 4-sequence actuation makes a peristaltic motion 
of the diaphragm and there are 4 stages for pumping as shown in figure 2.3. In figure 2.3, 
at stage 1 and stage 2, the fluid packet is pushed out of the micropump and peaks of flow 
rates are observed at the flow meter. Figure 2.15 shows the real-time flow rates of the 
micropump operated at 95 V with different actuation frequency. As seen in the figure 2.15, 
with 2 Hz actuation, there are two peaks of flow rate repeating every 2 seconds. Since the 
logic circuit uses 4 clock frequencies to make one cycle of the 4-sequence signal, the 
frequency of the peristaltic motion is 2/4=0.5 Hz. Since the outlet should be blocked at 
stage 3 and 4, there should be no gas pumping. However a small gas flow is measured due 
to leakage. 
As the frequency increases, the peaks become closer and are not isolated, making a 
continuum flow. In addition, the magnitude of the peaks at 4 Hz is bigger than that at 2 Hz. 
If the pumped fluid is incompressible, the pumped volume per stroke is only a function of 
stroke volume and independent of the actuation frequency. However, for gas, which is 
compressible, the pumped volume per stroke is a function of frequency due to the phase 
difference between the diaphragm and the pumped media. To calculate the averaged flow 
rate, the actual volume of pumped fluid is calculated over a certain duration and divided by 
the time.  
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Figure 2.15. Real-time flow rates measurment for 95 V actuation are shown at different 
operating frequencies; (a) 2 Hz, (b) 4 Hz, (c) 8 Hz, and (d) 14 Hz. 
 
 Figure 2.16 shows the time-averaged flow rates and the effective stroke volume of 
the micropump with the vertical chamber with respect to the actuation frequency for 
different operating voltages. The minimum voltage that the device was able to pump a 
measurable amount of gases was about 85 V. The voltage is needed to provide both the 
mechanical power needed to overcome the strain energy to stretch the polyimide 
diaphragm between the electrodes and the pumping power needed to compress the gas 
between the electrodes being pulled in. The pumping power is the pressure times the 
(a) (b) 
(c) (d) 
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volumetric flow rate. Although the actuation voltages from 85 V to 115 V were tested, 
there was no significant difference in flow rate observed.  
The flow rate is a result of the pumping frequency and the effective stroke volume. 
When the frequency is linearly increasing, the flow rate is near parabolic in shape and has 
a maximum value at around 15 Hz (See figure 2.16a). The maximum flow rate was of 40.3 
µl/min for an applied voltage of 95 V and 14 Hz.  
The effective stroke volume is calculated by dividing the flow rate by the frequency. 
The effective stroke volume is different from the actual stroke volume since this 
micropump has only 2 pumping-out stages out of 4 stages. Figure 2.16b shows that the 
effective stroke volume decreases as the frequency increases. 
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Figure 2.16. Testing results of the single-sided micropump show (a) the flow rates with 
respect to the actuation frequency for different operating voltages and (b) the effective 
stroke volume.  
 
2.6.4. Power consumption 
In order to calculate the power consumption of the micropump, the voltage and the 
current across the micropump were measured as functions of time simultaneously to 
determine the magnitude and the phase of each. The voltage across the micropump was 
(a) 
(b) 
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measured directly with an oscilloscope, and the current flow through the pump was 
measured using an additional resistance which is serially connected to the system as shown 
in figure 2.10. The voltage across the additional resistor was measured to determine the 
current flow. The instantaneous electrical power delivered to a device is given by 
)()()( titVtp ⋅= , where p(t) is the instantaneous power in watts, V(t) is the potential 
difference across the component in volts, and i(t) is the current through it in amperes. By 
integrating this instantaneous power with respect to time over one stroke, we can calculate 
the work done by the micropump per one stroke. The production of work done per one 
stroke, w(t), and operation frequency, f, gives us the power consumption, P(t), of the 
micropump. 
 
)()()( titVtp ⋅=  (2.28) 
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Figure 2.17 shows the measured voltage across the device (VC in figure 2.10), the 
current through the device calculated from VR in figure 2.10, and the calculated 
instantaneous power during one stroke. The instantaneous power is calculated and 
integrated with time to obtain the energy consumption per stroke. The energy consumption 
per stroke with 95 V of operation voltage is approximately 2.51 µJ, and the power 
consumption of the device at 14 Hz of the operating frequency is approximately 35.1 µJ/s 
(=2.51×14). Dividing the power consumption by the flow rate (0.04 sccm) yields the 
calculated power consumption per flow rate as 0.87 mW/sccm. 
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Figure 2.17. The current and the voltage across one electrode of the micropump were 
measured during the operation with 95 V of applied voltage at 14 Hz. The instantaneous 
power is calculated by multiplication of the current and the voltage. 
 
 From the VI measurement, the response time for the diaphragm can also be 
estimated. When the actuation voltage is applied and the diaphragm moves toward the 
chamber floor, the distance between the two electrodes is getting closer, and the 
capacitance between the two electrodes is increasing. When the diaphragm is moving, the 
current is flowing and charging the capacitance and it stops when the diaphragm touches 
the chamber floor. From the curve Vc in figure 2.17, Vc reaches the actuation voltage, 95 V, 
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in 0.25 ms and the current, Ic, increases suddenly at the moment when the diaphragm start 
to move and comes back to zero in 0.25 ms.  
  
2.6.5. Back pressure 
 Back pressure is the pressure required to overcome a pressure in the system 
upstream of the pump. It is normally measured by using a U-shaped tube with water. The 
height of the water column, H in figure 2.18, that the micropump can push up is the 
pressure that the micropump can provide. In addition, since PV work is the production of 
flow rate and back pressure, the back pressure of the micropump is inversely proportional 
to the flow rate. 
 
Figure 2.18. The backpressure of the micropump is measured using the U-shaped tube 
filled with water. The height of the water column that the micropump can push up is the 
maximum backpressure of the micropump. 
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Figure 2.19. Back pressure measurement of the micropump at 100 V and 8 Hz 
 
The magnitude of the back pressure and the flow rate of this micropump is 
relatively small. Therefore, for the precise measurement of the back pressure, a Teflon tube 
with an inner diameter of 2 mm is used, and the length of the connecting tube is kept as 
short as possible. With the tube connected to the outlet of the micropump, the micropump 
is operated at 100 V and 8 Hz until the flow rate becomes zero. The flow rate and the 
height of the water column is record simultaneously.  
Figure 2.19 shows the results. When the pressure produced by the micropump is 
equal to the back pressure resistance, the flow rate becomes zero and the back pressure is 
at a maximum. However, in the test of the micropump, the maximum back pressure of the 
micropump could not be measured since there was still a flow without the increase of the 
height of the water column. This is because there was leakage at the tube joints and the 
joints could not hold 320 Pa of pressure. However, it can be estimated that the maximum 
backpressure is bigger than 320 Pa. 
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2.6.6. Efficiency 
The efficiency of the micropump can be estimated as the ratio of the input electrical 
energy to the PV energy.  
 EE
PV
E
QP
E
E ×∆
==η  (2.31) 
 
 For the case of 100 V and 8 Hz actuation, the flow rate and back pressure are 
measured simultaneously as shown in figure 2.19. From the results, EPV is about 1.29 µW 
(24.5 µl/min at 316 Pa). The electrostatic energy for pumping is about 2.51 µJ per one 
stroke. Therefore, the efficiency of the micropump is  
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2.7. Summary 
In this research, an electrostatically driven valve-less peristaltic micropump has 
been developed for pumping gases through microsystems, such as a micro-gas 
chromatography system. An electrostatic actuation mechanism is chosen to minimize the 
power consumption. In addition, a peristaltic method eliminates the need for valves or for a 
nozzle/diffuser design for flow control. The peristaltic micropump consists of a Si chamber 
with an electrode on the floor and a polyimide flexible diaphragm with a 4-electrode 
pattern. Unlike common peristaltic micropumps with multiple chambers, this micropump 
has one long chamber and four electrodes on the diaphragm that divide the chamber into 
four small chambers during operation. The pump was operated from 85 V up to 115 V, and 
 49 
a maximum flow rate of 40.3 µl/min was measured at 14 Hz and 95 V with an estimated 
power consumption of 0.87 mW /sccm and the efficiency of 6.42 %. 
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Chapter 3: Utilization of a Stepwise chamber  
 
3.1. Motivation and design 
As discussed in the previous chapter, the proposed single chamber design has an 
advantage of reducing the dead volume by removing the narrow paths that connect the 
chambers that are commonly found in a multi-chamber design of a peristaltic micropumps 
[33, 42, 43, 58]. However, the chamber with a vertical sidewall has the potential for 
backward flow and an inherent dead volume. Although the polymer diaphragm is flexible, 
when it is stretched to touch the chamber floor, the diaphragm is not able to follow the 
vertical wall due to its stiffness and allows the flow to go around the diaphragm (see figure 
2.13). In order to reduce the dead volume around the diaphragm at the pulled-in state and 
to decrease the backward flow for better flow control, the slope of the chamber sidewall 
should be 2~3º depending on the actuation voltage. Han [49] succeeded in fabricating a 
chamber with a 1.3 º slope for a gas micropump shown in figure 3.1 by using mechanical 
grinding and a chemical-mechanical planarization (CMP) method. With the slightly sloped 
chamber, zipping of the diaphragm along the chamber floor minimizes the dead volume 
and maximizes the compression ratio. However, the fabrication process using mechanical 
grinding and a CMP method was not mass-producible.  
 
Figure 3.1. Chamber with an annular shaped cavity profile fabricated by mechanical 
grinding and a chemical-mechanical planarization (CMP) method [49] 
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In this study, a stepwise sidewall chamber is utilized instead of a vertical sidewall 
to decrease the dead volume of this micropump. The stepwise structure is fabricated by 
using a 3D structure fabrication method, called detachment lithography [55]. Figure 3.2 
shows the schematic of the micropump with a stepwise chamber. The basic design is the 
same as the single-sided micropump with 4 electrodes as shown in chapter 2 except the 
stepwise silicon chamber. Figure 3.3 shows the sidewall profile of the stepwise chamber 
measured by a profilometer (Alpha Step IQ with 5 µm tip) and a SEM image of the steps. 
The width and the height of each step are 250 µm and 3 µm respectively while the total 
width of the chamber is 5 mm, which makes the average slope of the sidewall 0.69º. 
 
Figure 3.2. Schematic of the micropump with a stepwise chamber (not to scale). 
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Figure 3.3. (a) The profile of the chamber measured by a profilometer and (b) SEM 
picture of a stepwise chamber 
 
3.2. Fabrication 
3.2.1. Detachment lithography  
Detachment lithography is a technique to create arrays of micrometer-sized patterns 
of photosensitive polymers such as photoresist (PR) on the surface of an elastomeric 
stamps and transfer these patterns to planar and non-planar substrates [55]. Basically, this 
technique utilizes the micro-contact printing (µCP) method with an elastomeric stamp (e.g. 
PDMS).  
The basic process of detachment lithography is as follows. Photoresist is spincoated 
onto a flat elastomeric stamp and brought into intimate contact with a rigid mold with 
protruding features. The stamp is peeled off to pick up the portions of the film that are not 
in contact. This subtractive patterning method is called detachment lithography, which is 
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derived from a mechanical fracture in the film guide by the difference in adhesions 
between the mold/film and film/stamp interface [55]. The pattern on the stamp is 
transferred to the substrate and this printed pattern remains photochemically active for 
further modification via photolithography, and/or can serve as resists for subsequent 
etching or deposition.  
This process requires the ability to adjust the adhesion of the elastomeric stamps, 
i.e. not only creating a strong enough adhesion so that sections of the PR can be selectively 
detached from the contiguous film, but also creating a weak enough adhesion to transfer 
the detached pattern to another substrate. Therefore, a PDMS stamp with kinetically and 
thermally adjustable adhesion is used for the detachment lithography technique to make 
3D structures. The conditions for transference and detachment of the PR film were studied 
in previous sources [55, 59]. 
 
3.2.2. Fabrication of a stepwise chamber 
 The multilevel structure was fabricated using the 3-dimensional fabrication 
technique called detachment lithography described above. Detachment lithography allows 
fabricating structures inside the pump chamber by transferring photoresist (PR) film onto 
the wafer instead of spincoating on top of features. When the PR is spincoated on a wafer 
with pervious features, the thickness of the PR is not uniform, and usually the PR along the 
feature is thicker than the flat surface. Thicker PR requires a longer exposure time and can 
leave non-developed (See figure 3.4). 
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Figure 3.4. If PR is spincoated on a substrate with features, the thickness of the PR is not 
uniform and residue remains after development.  
  
An elastomer carrier, such as PDMS, is used to transfer the photoresist film of a 
uniform thickness to the wafer that has previously etched features. The process for 
detachment lithography is shown in figure 3.5. First, PR is spincoated on a PDMS puck of 
a 4-inch wafer size that is cleaned with solvents and brought into a conformal contact with 
the Si wafer that has previously etched features (figure 3.5a). The stack of the stamp and 
mold is heated to 50°C on a hotplate for 1 min. The stack is subsequently placed on an 
aluminum block (about 4°C) to cool down the film and promote the fracture and 
detachment of the film. When the PDMS stamp is peeled from the wafer, the regions of the 
adhesive film in contact with the wafer are detached, leaving the opposite patterns on the 
stamp. When peeling the PDMS, the peeling speed should be fast (>10 cm/s) to induce the 
mechanical fracture in the film. Using a mask for the next step, the transferred PR is 
exposed to UV and developed. Since the transferred PR film has a uniform thickness of 1 
micron on the wafer surface, it leaves no PR at the corners of the chamber steps after 
exposure and development. To fabricate a 5-step sidewall of the chamber, the detachment 
lithography method and DRIE etching are repeated 5 times with 5 masks of different sizes 
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to pattern the PR. After fabricating the stepwise chamber, an oxide layer is thermally 
grown for electrical insulation and a Cr/Au layer was deposited on the chamber floor and 
the steps by sputtering with a shadow mask of electrode patterns. To prevent stiction 
problem during operation, a non-stiction coating, CFn, is deposited on the chamber floor 
and steps using the ICP-DRIE. 
 The fabrication of the PI diaphragm and bonding process is exactly the same as the 
fabrication process for the single-sided micropump discussed in the previous chapter. 
 
 
Figure 3.5. A schematic of the procedure for detachment lithography to fabricate a 3D 
structure. (a) PR is spincoated in PDMS carrier, (b) spincoated PR is brought in contact to 
Si wafer, (c) PDMS is peeled away, (d) with a mask, expose PR to UV, (e) develop the 
exposed PR, (f) DRIE etch, (g) strip PR and (h) 3D structure is completed.  
 
3.3. Results and discussion 
3.3.1. Stepwise Sidewall 
The stepwise chamber has some advantages over a vertical sidewall. First, a 
zipping actuation across the steps decreases the dead volume of the device. Figure 3.6 
shows how the stepwise chamber makes a zipping action and decreases the dead volume 
compared to a vertical sidewall chamber. When the chamber areas (width×length) and the 
height are the same, the total volume of the stepwise chamber is smaller by the volume of 
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stepwise structure than the vertical chamber. And the unpressurized volume under the 
diaphragm is filled with the step structure. Therefore, when the diaphragm is pulled-in to 
the chamber floor, the compression ratio ε is increased. The compression ratio is defined 
by the volume displacement ∆V due to the diaphragm actuator and the pump chamber 
volume Vch. 
 
chVV /∆=ε  (3.1) 
 
 
Figure 3.6. The stepwise chamber (a) induces the zipping action of the diaphragm at a 
lower voltage and reduces the dead volume of the device compared to a vertical chamber 
(b). Although the total volume of the stepwise chamber is smaller than the vertical 
chamber when the width (W) and the height (H) of the chambers are the same, the 
effective stroke volume (actual pumped volume per stroke) of the stepwise chamber is 
bigger than the vertical chamber due to its smaller opened area. 
 
Figure 3.7 shows the actual pictures of the diaphragm from a top view of the 
vertical chamber (figure 3.7a) and the stepwise chamber (figure 3.7b) at different applied 
voltages. And schematic (figure 3.8) shows the side view of the stepwise chamber. As the 
figures show, for the vertical chamber, the minimum voltage to pull-in the diaphragm 
(touch-down voltage) is 95 V while that of stepwise chamber is 40 V.  
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From this result, the slope of the chamber wall to induce the zipping action can be 
determined. For example, in the case of vertical chamber with 95 V actuation, a chamber 
depth is 15 µm and the untouched length of the diaphragm is about 857 µm. Thus, the 
angle of the diaphragm and the chamber floor is about 1º. In other words, to fill the dead 
volume underneath the diaphragm and induce zipping action and block the backward flow, 
a chamber with a sidewall of 1º slope is required.  
  
 
 58 
(a) Vertical Chamber 
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95V  
(Touch-down) 
100V 110V 
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(b) Stepwise chamber 
     
0V 30V 
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(Touch-down) 
50V 60V 
     
70V 80V 90V 100V 110V 
 
 
Figure 3.7. Comparison of touch-down voltage of the (a) vertical chamber and (b) the 
stepwise chamber. From the pictures, the untouched area and dead volume are calculated. 
The scale bar indicates 500 µm.  
 
 59 
 
Figure 3.8. Schematics (not scaled) from a side view for each picture of the top view. 
 
Based on these results, the non-touching areas and non-pressurized volume that 
creates the dead volume, are calculated for different applied voltages. The graph in figure 
3.9 shows the ratios of the dead volume to the total chamber volume as functions of the 
applied voltage. At around 90V, the ratio of the stepwise chamber is about 1% while the 
ratio of the vertical chamber is about 10%. Moreover, as shown in figure 3.6, the stepwise 
chamber has a smaller “opened area” resulting in an increase in fluidic resistance for the 
flow to pass under the diaphragm. Therefore, this design reduces the backward flow and 
enables better flow control in one direction for a higher back pressure than the vertical 
chamber with a larger open area.  
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Figure 3.9. Ratios of dead volume to the total chamber volume are calculated according to 
the applied voltage. The stepwise chamber has a lower touch down voltage than the 
vertical chamber.  
 
Secondly, the operation voltage of the stepwise chamber is lower than a vertical 
chamber. To pull down the diaphragm to the chamber floor, the voltage needs to overcome 
both the strain energy to stretch the polyimide diaphragm and PV work to compress the gas. 
Since the stepwise structure makes the distance between electrodes closer than the vertical 
chamber floor, the diaphragm can be pulled-in at a lower voltage. The Au electrodes are 
deposited on the steps and chamber floor and the electrostatic force between steps and the 
diaphragm is bigger than that of vertical chamber. For the vertical chamber with a height of 
15 µm, the touch-down voltage to pull the diaphragm down to the floor is about 90V. 
However, for the stepwise chamber with a height of 15 µm and 5 steps, the diaphragm 
starts to be pulled-in at a lower voltage, 40V. The lower operating voltage makes the 
device more feasible to portable devices and reduces the power consumption of the 
operation. 
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However, as a tradeoff for the smaller dead volume and the higher compression 
ratio, the stepwise chamber requires a longer time for the diaphragm to be fully pulled 
down to the chamber floor than the vertical chamber. For the vertical chamber, it has only 
two stable states: neutral and fully pull-in. When the actuation voltage, which is bigger 
than the touch-down voltage, is applied to the diaphragm, the diaphragm starts to be pulled 
toward the chamber floor from the middle point and the electrostatic force applied to the 
diaphragm gets bigger and accelerates the motion of the diaphragm. Then, the diaphragm 
collapses in an instant. On the other hand, the stepwise chamber has several steps for pull-
in states and takes more time to be fully pulled-in down to the chamber floor than the 
vertical chamber. It results in a longer pull-in time and limits a high frequency operation. 
 
3.3.2. Flow rate  
Figure 3.10 shows a real-time flow rates of the micropump with a stepwise 
chamber when operated at 90 V and 1 Hz. In the same manner as the vertical chamber 
micropump, there are two peaks flow rate peaks at stage 1 and stage 2. By calculating the 
area of the peaks, the actual volume of the pumped fluid during one stroke can be 
calculated. For example, at 60 V and 1 Hz actuation, the pumping volume per one stroke is 
approximately 0.552 µl and, for 90 V and 1 Hz, it is approximately 0.602 µl. This 
increment is because the 90 V actuation has less dead volume with a bigger electrostatic 
force than the 60 V actuation. Compared with the flow rate of a vertical chamber, the 
actual pumped volume during one stroke for the vertical chamber is about 0.223 µl for 90V 
and 2Hz while it is 0.547 µl for a stepwise chamber with the same operation conditions 
(see figure 3.11). It is noted that the pumped fluid volume per stroke is increased with a 
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stepwise chamber even though the total volume of the chamber is decreased due to the step 
structure. This increase in flow rate is caused by better control of the back flow.  
 
 
Figure 3.10. Measurement of real-time flow rates of the micropump with a stepwise 
chamber under different actuation conditions. (a) 90 V vs 60 V at 1 Hz and (b) 90 V vs 60 
V at 2 Hz for a stepwise chamber. It shows the higher actuation voltage pumps more fluid 
per stroke.  
 
 
(a) 
(b) 
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Figure 3.11. Comparison of the flow rates between a vertical chamber and a stepwise 
chamber at 90V and 2Hz.  
 
Figure 3.12 shows the effective stroke volume and the flow rates of the micropump 
with the stepwise chamber with respect to the actuation frequency for different operating 
voltages. The minimum voltage that the device was able to pump a measurable amount of 
gases was about 60 V. Although the touch-down voltage is 40 V for the stepwise chamber, 
a measureable flow rate occurs with at least 60 V of actuation voltage. In figure 3.12(a), 
the effective stroke volume decreases when increasing the frequency and increases when 
increasing the operating voltage. The flow rate is a result of the pumping frequency and the 
effective stroke volume. When the frequency is linearly increasing, the flow rate is near 
parabolic in a shape and has a maximum value at around 4-6Hz. The maximum flow rate 
was 33.1 µl/min for an applied voltage of 90 V and 6 Hz. 
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Figure 3.12. Testing results of the stepwise sidewall micropump show (a) the effective 
stroke volume and (b) the flow rates with respect to the actuation frequency for different 
operating voltages. 
 
Figure 3.13 shows the comparison between the stepwise chamber and the vertical 
chamber in terms of the flow rate. In the lower frequency rage (1-7 Hz), the stepwise 
chamber has a higher flow rate. The reason is the effective stroke volume is increased due 
to the zipping action and the reduced dead volume. However, the maximum flow rate of 
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the stepwise chamber occurs at 5 Hz and the flow rate starts to decrease after that. The 
vertical chamber has a higher operational frequency range, and the maximum flow rate is 
about 40 µl/min at operating frequency of 16 Hz. The reason why the stepwise chamber 
has a maximum flow rate at a lower frequency is because the zipping action of the 
diaphragm limits the speed of the diaphragm and prevents the diaphragm from moving as 
fast as the vertical chamber. Although the zipping action makes the diaphragm move 
slower than the vertical chamber case, the dead volume is also smaller, and the effective 
stroke volume larger. Therefore, more fluid can be pumped at the same frequency.  
 
 
Figure 3.13. Comparison of the flow rates between the vertical chamber and the stepwise 
chamber operated at 90 V 
 
3.3.3. Power Consumption 
The micropump can be modeled as an electrical RC circuit with an impedance Z as 
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where ω is an operation frequency. And then, the electrical power consumption of the 
micropump is complex. 
 
ZVSE /
2=  (3.3) 
 
where SE, and V are apparent electrical power, and operating voltage, respectively. We can 
assumed that the device is almost pure capacitive since the capacitance of the device (~ 1 
nF) is about 10 order of magnitude smaller than the resistance (~ 10 Ω) and the operation 
frequency is also low (1~20 Hz). In addition, since the operation frequency is low enough 
to charge and discharge the capacitance fully, the energy consumption per one stroke, EE, 
is determined by the capacitance and the operation voltage (Eq. 3.4). And the actual power 
consumption of the micropump is determined by the product of the operation frequency 
and the energy consumption per stroke. 
 
2
2
1
CVEE =  (3.4) 
 
fCVfEP E ×=×=
2
2
1
 (3.5) 
 
 Since a stepwise chamber has a larger pull-in area than a vertical chamber, it has a 
larger capacitance than a vertical chamber. However, with a larger stroke volume, the 
stepwise chamber can pump more gas with one stroke even with a lower operation voltage 
as shown in table 3.1. Therefore, unless the capacitance of the stepwise chamber is 50% 
bigger than a vertical chamber, it can be concluded that the stepwise chamber consumes 
less energy for pumping the same volume of gas.  
 The capacitances of each device can be estimated from the pull-in area data shown 
in figure 3.7. At 90 V, the pull-in area per an electrode of the vertical chamber is about 16 
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mm
2
 and that of the stepwise chamber is about 20 mm
2
. Therefore, if the capacity due to 
the sidewall is ignored, the capacitance of stepwise chamber is about 25 % bigger than the 
vertical chamber.  
 
Table 3.1. Comparison of the stroke volume at the maximum flow rates at different 
operating condition 
 Stepwise Chamber  Vertical Chamber 
Actuation Voltage (V)  60 70 80 90  90 
Frequency (Hz) 
at max. flow rate 
 4 4 5 6  16 
Max. flow rate (µl/min)  18.24 24.64 31.1 33.1  39.4 
Stroke volume (µl)  4.56 6.16 6.22 5.52  2.46 
 
 
3.4. Summary 
In summary, an electrostatically driven valve-less peristaltic micropump is 
developed and characterized. Instead of a vertical sidewall that is commonly used, a 
stepwise sidewall chamber is utilized. A 3D fabrication technique, which is called 
detachment lithography, is used to fabricate the 3D structure.  The micropump has a 
flexible PI diaphragm operated by a 4 phase sequence signal which makes a peristaltic 
motion of the diaphragm to pump fluid in one direction. With the minimum operational 
voltage of 60 V, the flow rate of 18.2 µl/min was achieved at 4 Hz actuation. The 
maximum flow rate is about 33.1 µl/min with 90 V and a 6 Hz operation condition. 
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Compared to the vertical chamber, the operational frequency range of the vertical chamber 
is lower, and the maximum flow rate is smaller. However, since the stepwise chamber has 
a reduced dead volume and a higher effective stroke volume than the vertical chamber, a 
higher flow rate at a low frequency range (1-6 Hz) can be achieved. In addition, the 
minimum operational voltage of the stepwise chamber can be decreased from 90 V to 60 V 
of the vertical chamber. 
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Chapter 4: Single-sided Micropump with Multi-electrode 
 
4.1. Motivation and Design  
The flow rates of mechanical micropumps are usually proportional to the product 
of stroke volume and operation frequency. If the chamber size is constant and the pumped 
fluid is incompressible, the flow rate is linearly proportional to the operation frequency. 
However, the flow rate of a gas micropump is not proportional to the operation frequency; 
because gas is compressible, there exists a phase difference between the movement of the 
diaphragm and the gas movement. It has been reported that a gas micropump usually has a 
maximum value at some frequency and an unexpected decrease of the flow rate or even 
negative flows over a frequency range [34]. Therefore, there exists a fluidic resonance that 
makes the phase difference zero. This phenomenon can be explained as Helmholtz fluidic 
resonance, such as when one blows across the top of an empty bottle shown in figure 4.1. 
 
(4.1) 
Figure 4.1. Helmholtz fluidic resonance of an empty bottle.  
 
The resonant frequency is given in figure 4.1, where a is speed of the sound, Le is length of 
the fluid exit, Ae is area of the exit, and Vc is the volume of the chamber. As shown above, 
fluid resonance is a function of the chamber volume; a smaller chamber has a higher 
frequency range. Although this equation cannot be applied directly to the characteristic 
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frequency of the micropumps, this phenomenon can be a clue to understanding what 
happens during gas pumping.  
One of the factors that limit the operation frequency of gas micropumps is a 
mechanical RC constant caused by the fluid in the chamber. Here, R and C indicate 
hydraulic resistance and hydraulic capacitance of the system respectively. Equivalently 
with an electrical circuit, a smaller RC constant means a higher characteristic frequency 
and a shorter response time. Therefore, the system with a smaller RC constant can be 
operated at a higher frequency. Since the mechanical capacitance is proportional to the 
chamber volume, the smaller chamber can be operated at a higher frequency range like the 
Helmholtz resonance.  
In the case of a micropump with a single chamber and a diaphragm, the 
characteristic frequency is determined by the chamber size. However, with a single-
chamber and multi-electrode design, the number of electrodes determines the volume of 
divided cells, and the characteristic frequency can be alternated and/or adjusted.  
The basic design of a micropump with multi-electrodes and a single chamber is 
shown in figure 4.2. N electrodes divide the chamber into N small cells. To make a 
peristaltic motion of 8-, 16- and 32-electrode devices, a 4-phase sequence signal is 
repeated twice, four times and eight times, respectively as shown in figure 4.3. 
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Figure 4.2. A schematic of the mechanical structure of the peristaltic micropump. It 
consists of a Si chamber with a static electrode on the chamber floor and a polyimide 
diaphragm with N electrodes. 
 
 
Figure 4.3. A 4-sequence signal is repeated 2, 4, and 8 times to make a peristaltic motion 
of 8-, 16-, and 32-electrodes. 
 
 
4.2. Modeling 
Figure 4.4 shows a simplified model to determine the minimum RC constant of an 
N-electrode micropump. If the width of the channel, w, is smaller than the height, h, the 
hydraulic resistance, R, of a rectangular channel is given as Eq. 4.2 where µ is viscosity 
and LT is total length of the chamber or fluidic path [60]. The hydraulic capacitance, C, is 
proportional to the volume of each cell (Eq. 4.3) and the effective compressibility, κ , that 
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is both from the compressibility of air (1 Pa
-1
) and from the compressibility of a polyimide 
diaphragm (~1 MPa
-1
) [60-62]. Then, the RC constant of each divided cell can be 
expressed as Eq. 4.4. VT is a total volume of the chamber. 
 
 
Figure 4.4. A simplified model to predict the characteristic frequency of a peristaltic 
micropump with a single chamber and N electrodes; Pi, Ri and Ci indicate the pressure, the 
hydraulic resistance, and capacitance of the ith cell respectively. 
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 As the number of electrodes increases, it divides the chamber into smaller cells and 
results in a smaller mechanical RC constant and a higher characteristic frequency, which is 
proportional to N
2
. If the flow rate is assumed to be the product of stroke volume and 
frequency, then the theoretical maximum flow rate of a micropump with N electrodes is 
proportional to N.  
 frequencyNfvolstrokeNfQ ×= ),(),(
 
(4.6) 
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 For this study, 4 different devices are designed and tested. They have 4, 8, 16, and 
32 electrodes respectively. As listed in table 4.1, the chamber size and total area of the 
electrodes are the same to keep the capacitance of the devices constant.  
 
Table 4.1. Design parameters for the peristaltic micropump with multi-electrodes. 
Regardless of the number of electrodes, the total area of the electrodes remains constant. 
Number of 
electrodes 
Width of each 
electrode 
(mm) 
Gap between 
adjacent  
electrodes 
(mm) 
Depth of 
chamber 
(µm) 
Total effective 
area of 
electrodes 
(mm
2
) 
4 5.0 2.0 15 100 
8 2.5 1.0 15 100 
16 1.25 0.5 15 100 
32 0.625 0.25 15 100 
 
 
4.3. Results and Discussion 
4.3.1. Operation Voltage 
As for the operation voltage, the minimum operation voltage for the 4-electrode 
devices was 85 V, the 8-electrode devices require 100 V, the 16-electrode and 32-electrode 
devices require 160 V for operation. The operation voltage changes because the higher 
frequency is needed for a smaller area of each electrode. A smaller electrode produces the 
smaller electrostatic force at the same operation voltage since the electrostatic force is 
proportional to the area of the electrode.  
 2
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εε
=
 
(4.8) 
So, the smaller electrode requires a higher operation voltage to pull down the 
diaphragm to the chamber floor. If the diaphragm deformation acts like a parallel plate 
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capacitor with area of A and gap of d, the electrostatic force required to pull down the 
diaphragm to the chamber floor, elF , and a pull-in voltage, PV , can be express as Eq. 4.9 
and Eq. 4.10. TA  is the total area of electrodes, which is the same for all devices, and 0ε  
and rε  are the permittivity constant and dielectric constant of air, respectively. Therefore, 
the touch-down voltage is proportional to N . 
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4.3.2. Characteristic Frequency 
The comparison between the 4-electrode and 8-elecrode devices is shown in figure 
4.5. The operation voltage and frequency are 100 V and 4 Hz for both devices. According 
to the modeling above, the stroke volume of an 8-electrod device should be half of the 4-
electrode device. However, as shown in figure 4.5a, the actual pumped volume per one 
cycle (the area under the peak) is almost same. The time-averaged flow rate and effective 
stroke volume of the 8-electrode device are bigger than the 4-electrode device over whole 
operation frequency range (see figure 4.5b and 4.5.c). The reason why the actual test 
results are different from the modeling is because the modeling does not consider the 
backward flow. It seems that the backward flow through the opened area along the 
sidewall is significant in the low frequency regime.  
However, it is worth noting that the characteristic frequency of the 8-electrode 
pump is about 22 Hz while that of the 4-electrode pump is about 14 Hz. Since the volume 
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of each cell divided by the electrodes become smaller with increased number of electrodes, 
the mechanical RC constant decreases and the characteristic frequency increases as 
estimated in the modeling.  
 
Figure 4.5. Comparison of the flow rate between the 4-electrode and 8-electrode 
micropump; (a) real-time flow rate, (b) averaged flow rate and (c) effective stroke volume.  
 
Figure 4.6 shows the flow rates of the 16-electrode and 32-electrode pumps as a 
function of operation frequency. Both devices are operated at 160 V. Similar to the 4- and 
8-electrode pumps, the flow rates of the 16-electrode and 32-electrode pumps as a function 
of operation frequency have a similar shape. The flow rates increase along with the 
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frequency in the low frequency regime. At some point, the flow rates reach a maximum 
and then the flow rates decrease with increasing frequency. The frequency producing the 
maximum flow rate can be defined as the characteristic frequency for the devices. The 
characteristic frequencies of 4-electrode pump and 8-electrode pump are 14 Hz and 22 Hz 
respectively. The characteristic frequency and the maximum flow rate of the 16-electrode 
pump are 1400 Hz and 248.4 µl/min and those of 32-electrode device are 4000 Hz and 
155.8 µl/min. For a better comparison among these 4 configurations, figure 4.7 shows the 
flow rates with the frequency in log scale.  
 
 
Figure 4.6. Flow rates of 16-electrode and 32-electrode micropumps with different 
operation frequencies. Both 16- and 32-electrode devices are operated at 160 V.  
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Figure 4.7. Comparison of flow rates for the multi-electrode micropumps at different 
operation frequencies. For a better comparison, the x-axis, frequency, is in a log scale.  
 
Figure 4.8 shows the characteristic frequencies to produce the maximum flow rates 
of each micropump. As expected from the previous theoretical model, the maximum 
frequency of a micropump with N electrodes increases as the number of electrodes 
increases. The dashed line in figure 4.8 indicates a linear fitted line with a slope of 2 that is 
expected from the theoretical model, 20 Nf ∝ . This line shows an agreement with the 
actual test data.  
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Figure 4.8. A log-log plot of the characteristic frequencies for multi-electrode pumps are 
shown. The dashed line indicates a linearly fitted line with a slope of 2 to indicate the 
theoretical model. 
 
4.3.3. Strain Energy 
In the previous theoretical model, the characteristic frequency is proportional to be 
N
2
 and the maximum flow rate of a micropump with N electrodes is expected to be 
proportional to the number of electrodes. However, as shown in figure 4.9, the maximum 
flow rate of an N-electrode micropump is not proportional to N. The maximum flow rate 
for the 16-electrode pump is about 248 µl/min at 1400 Hz while the maximum flow rate for 
the 32-electrode pump is about 155 µl/min at 4000 Hz. Although the characteristic 
frequency increases with the number of electrodes, the maximum flow rate is decreased. 
The reason is because more electrodes require more elongated regions and a larger strain 
energy, which causes less mechanical PV work on the pumped fluid.  
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Figure 4.9. Maximum flow rates for multi-electrode devices.  
 
Even though a chamber with more electrodes can have a higher characteristic 
frequency, the mechanical strain energy required to elongate the diaphragm is larger when 
making a peristaltic motion. As the number of electrodes increases, the diaphragm has 
more elongation regions and requires more strain energy, SE . N-electrode device has (N+1) 
elongation regions. With the assumption that the electrode completely comes back to the 
neutral position when there is no signal as shown in figure 4.10, the strain for each 
elongation region is given as  
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where L0 is the gap distance between electrodes.  The strain energy stored in each region is  
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where t, w, E and ν  are the thickness, width, Young’s modulus and Poisson ratio of the 
diaphragm, respectively, and ε is the strain of the diaphragm when it is elongated to touch 
the floor.  
 
Figure 4.10. Simplified model to estimate the strain energy for peristaltic operation 
 
From the simplified model, the strain energy required for one stroke can be 
calculated as  
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(4.13) 
For energy conservation, the input energy per stroke, 2
2
1
CVEE = , can be 
expressed as the summation of energy for pumping (or PV work), EPV, strain energy per 
one stroke, Es, and loss of energy such as heat loss, leakage of fluid, and electrical 
resistance of the circuit, ELoss. 
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To estimate the maximum frequency, assume ELoss is zero and the operation at the 
characteristic frequency is proportional to N
2
. Then,  
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α is defined in Eq. 4.5, and all of other values in the equation above are given from 
the geometry and material properties of the diaphragm as listed in table 4.2. 
 
Table 4.2. Values of the geometry and material properties of a PI diaphragm to calculate 
the electrical and strain energy of micropump with N electrodes  
 
Variables  Value 
ε0 Vacuum permittivity mF /1085.8
12−×  
εr Relative permittivity of air ~ 1 
AT Total area of electrodes 100 mm
2
 
d Chamber depth 15 µm 
Vp Actuation voltage 160 V 
E Young’s modulus of PI 2.5 GPa 
t Thickness of PI diaphragm 3 µm 
w Width of PI diaphragm 5 mm 
L0 Gap between electrodes 8/N mm 
ν Poisson ratio of PI 0.34 
µ Viscosity of air @ RT 19.83 µPa·s 
κ Effective compressibility ~ 0.001 Pa
-1 
(assumed) 
LT Total length of chamber 32 mm 
VT Total Volume of chamber 2.4 mm
3
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Figure 4.11. A simplified model to estimate the relationship between electrostatic energy, 
strain energy and PV energy. To estimate the maximum frequency, PV energy at the 
characteristic frequencies is calculated for the different number of electrodes, N.  
 
The calculation result with the values in table 4.2 is shown in figure 4.11. For the 
effective compressibility of the micropump, κ, is assumed as 0.001 Pa
-1
 since the actual 
value of effective compressibility is difficult to find out. The theoretical characteristic 
frequency of a 4-electrode micropump is about 16 Hz with κ=0.001 Pa
-1
 and agrees with 
the measured characteristic frequency, 14 Hz. Even if a different κ value is used for 
calculation, the shape of graph is not changed. 
The simplified model for the PV energy at the characteristic frequency shows a 
similar trend with the actual testing results. According to the model, a 26-electrode pump 
can produce the maximum PV work at its characteristic frequency. If N is bigger than 26, 
the required strain energy increases faster than the increase of input energy, and PV work 
decreases even with a higher characteristic frequency.  
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In addition, according to the model, the strain energy is proportional to the gap 
between electrodes, L0. Therefore, by reducing the gap between the electrodes, strain 
energy can be decreased, and PV work can be increased resulting in higher flow rates.  
Although the maximum flow rate can be achieved with 26 electrodes in the 
theoretical model, the loss due to strain energy increases with the number of electrodes. 
Therefore, the efficiency decreases as the number of electrodes increase. Since the 
efficiency is calculated as the ratio of PV energy to the electric energy input and other 
losses such as heat transfer and electric resistance are neglected, the efficiency at low N 
goes to an unrealistic value of almost 1.  
  
 
4.4. Summary 
A peristaltic gas micropump with a single chamber and multi-electrode is 
developed to improve the flow rate with the same chamber by increasing the characteristic 
frequency. Since the electrodes divide the single chamber into smaller cells, the divided 
cell gets smaller and has a higher characteristic frequency as the number of electrodes 
increases. The characteristic frequency is proportional to the number of electrodes with the 
same size chamber. However, the smaller area of each electrode requires a higher 
operation voltage. In addition, since more electrodes require more elongation regions 
resulting in larger mechanical strain energy, there exists an optimum number of electrodes 
for the maximum flow rate. 
While the maximum flow rate of a 4-electrode micropump is about 40 µl/min at 14 
Hz, the maximum flow rate of an 8-electorde micropump is about 78 µl/min at 22 Hz and 
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that of a 16-electrode device is 250 µl/min at 1400 Hz and 150 µl/min at 4000 Hz for 32-
electrode micropump.  
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Chapter 5: Double-sided Micropump 
 
5.1. Motivation and design  
The flow rate of micropumps is generally proportional to the product of the stroke 
volume and the operation frequency. In the previous chapter, the maximum flow rate 
increased up to 6.5 times from the basic design just by increasing the operation frequency.  
In this chapter, the stroke volume is increased by utilizing a double-sided chamber 
to increase the flow rate. A double-sided chamber has already been utilized in many 
designs [34, 46, 63, 64]. The stroke volume and the flow rate can be increased by using 
one diaphragm shared by dual chambers, with the same area of chamber. Since the 
diaphragm should move in both ways or bi-directional movements for a dual chamber, 
piezoelectric actuation is not suitable. Meanwhile, an electrostatic actuation can produce a 
bi-directional movement of the diaphragm relatively easily by utilizing another fixed 
electrode on the other side.  
A schematic of the micro pump with the double sided chamber is given in figure 
5.1. The pump has a polyimide diaphragm with electrodes for electrostatic actuation along 
with top and bottom chambers fabricated on a silicon substrate.  
As shown in figure 5.2, the top electrode is positively charged while the bottom 
chamber is negatively charged during operation. When an actuation voltage is applied to an 
electrode on the PI diaphragm, the electrodes on the top and bottom chamber floors push-
and-pull the diaphragm in the same direction. This push-and-pull action can reduce the 
response time by increasing the actuation force although the traveling distance of the 
diaphragm is doubled.  
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The flow rate (Q) is a product of the stroke volume (SV) and the operation 
frequency (f). Since this double-sided pump (DSP) design doubles the volume of the stroke 
volume from the single-sided pump (SSP) and simultaneously utilizes dual chambers, the 
flow rate should be conceptually four times bigger than the single-sided pump at the same 
frequency conceptually. 
 
fSVQ ×=
 
(5.1) 
 SSPDSP
SVSV ×= 2
 
(5.2) 
 SSPDSPDSP
QfSVQ ×=××= 42
 
(5.3) 
 
 
Figure 5.1. (a) A schematic of a double sided micropump and pictures of the actual device, 
(b) the bottom chamber with the PI diaphragm bonded and (c) top chamber bonded. 
 
 
Figure 5.2. (a) Dual electrodes ‘push and pull’ the diaphragm in the same direction and 
double the volume of the fluid packet compared to a single sided micropump. (b) By 
utilizing a double-sided chamber, the flow rate can increase up to 4 times from a single-
sided chamber.  
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5.2. Fabrication 
To make a double-sided chamber, the same size chamber with via holes for 
electrical connections is bonded on top of the PI diaphragm of a single-sided micropump. 
Two different designs for the top side chamber were fabricated; one chamber is made of 
indium tin oxide (ITO) and the other one is a Si chamber.   
 
5.2.1. ITO Chamber 
Since ITO is transparent and conductive, an ITO chamber is utilized to observe 
what happens inside the chamber during operation and prove the actuation concept. Figure 
5.3 shows the fabrication process of the double-sided micropumps. For an ITO chamber, 
10 µm thick SU-8 is spincoated on the ITO coated coverglass and SU-8 is patterned using 
a UV exposure and development process. The thickness of SU-8 layer is the depth of the 
chamber. Then, before bonding to the single-sided micropump, a non-stiction coating is 
deposited on the chamber floor and the top surface of the diaphragm. To bond the ITO 
chamber to the single-sided pump, an epoxy-based adhesive and contact printing method is 
used. (The fabrication process for a single-sided micropump is discussed in Chapter 2.) 
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Figure 5.3. Fabrication process for a double-sided micropump with an ITO chamber 
 
5.2.2. Si Chamber 
For a Si chamber, the fabrication process is shown in figure 5.4. The chamber 
pattern is etched by a DRIE method, and an oxide layer is thermally grown on the Si 
chamber for electrical insulation. The chamber depth for both the top and bottom chamber 
is 15 µm. A Cr/Au electrode is deposited on the chamber floor followed by a non-stiction 
coating. The top-side chamber is then bonded onto the single-sided micropump.  
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Figure 5.4. Fabrication process for double-sided micropump with a Si chamber   
  
5.3. Results and discussion 
5.3.1. Flow rates 
 The test results of the double-sided micropump with an ITO top chamber are given 
in figure 5.5. The micropump was operated at 2 Hz with 100 V of actuation voltage. As 
shown in figure 5.5, the flow rate varies when either the top electrode in the ITO chamber 
or the bottom electrode in the Si chamber is ON or both electrodes are ON. When the 
electrode on chamber is ON, it is charged positively or negatively. When only one of the 
electrodes is ON, it works as a single-sided micrpump. The reason why the ITO chamber 
(figure 5.5a) is smaller than the Si chamber (figure 5.5b) is because the chamber height of 
the ITO chamber (10 µm) is smaller than the Si chamber (15 µm). When both of the 
electrodes on the ITO chamber and the Si chamber are ON, one of them is charged 
positively and the other is charged negatively and they work as a double-sided micropump.  
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As expected in the beginning of this chapter, the flow rate of the double-sided 
micropump is supposed to be twice bigger than the sum of the flow rates from the top 
chamber and bottom chamber. However, the flow rate of the double-sided micropump was 
smaller than expected. The reason was stiction between the diaphragm and the ITO 
electrode, which was observed through the transparent ITO chamber.  
 
 
Figure 5.5. Real-time flow rate of the double-sided micropump with an ITO chamber 
when operated at 100 V and 2 Hz. (a) when only top electrode on ITO chamber is 
connected, (b) when only bottom electrode on Si chamber is connected, and (c) both of 
electrodes on ITO chamber an Si chamber is connected. 
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b. Si chamber 
This device has two Si chambers as the top and the bottom chamber, and the depth 
of the chambers is 15 µm. Similar to the double-sided micropump with an ITO chamber, 
the electrode on the top chamber is grounded, and the other electrode on the bottom 
chamber is positively charged. 
Figure 5.6 shows the flow rates of the double-sided micropump operated at 100 V 
and 120 V. Both cases have similar flow rate patterns. The flow rate has a maximum value 
of 389 µl/min at 4 Hz when operated with 100 V. The reason why the graph is not smooth 
is presumed to be stiction during operation. Unlike an ITO chamber, the Si chamber is not 
transparent, and it is difficult to determine why the data is so unpredictable. 
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Figure 5.6. (a) Flow rates and (b) stroke volume of the double sided micropump with 
different actuating voltages and frequencies. 
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Figure 5.7. Flow rate measurement when only top chamber is ON and when both of 
electrodes on chamber floors are ON.  
 
To compare with the single-sided chamber operation, the flow rate when only the 
electrode on the top chamber is ON is also measured. Figure 5.7 shows the comparison 
between the measurements when only the top chamber is ON and when both electrodes are 
ON.  
 As shown in figure 5.7, when only the electrode on the top chamber is ON, the 
maximum flow rate is about 68 µl/min at 4 Hz. The maximum flow rate of double-sided 
chamber is 389 µl/min at the same frequency. Therefore, the maximum flow rate of the 
double-sided micropump is about 5.7 times bigger than the single-sided micropump while 
the modeling expects a flow rate that is 4 times larger. This can be attributed to the fact 
that the volume of the fluid packet of the single-sided chamber might be overestimated. As 
shown in figure 5.8, the dual electrodes of the double-sided chamber always pull the 
diaphragm to either the top or bottom floor and confine the position of the diaphragm by 
the electrostatic force (red arrows in figure 5.8a). However, for the single-sided chamber, 
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the volume of the fluid packet is determined by the equilibrium among the pressure inside 
the packet (blue arrow in figure 5.8b), the mechanical stress of the diaphragm, and the 
electrostatic force between electrodes (red arrows in figure 5.8b). Therefore, the diaphragm 
in the single-sided chamber may not recover to the neutral position due to the insufficient 
elastic recovery. The stroke volume of the double-sided pump would be more than 4 times 
that of the single-sided chamber.  
 
 
Figure 5.8. (a) The fluid packet of the double-sided chamber is defined by both sides of 
the chamber floor while (b) the packet of the single-sided pump can be smaller than 
expected. 
 
5.3.2. Power consumption 
 The power consumption of the double-sided micropump is also measured. The 
current through the pump and the voltage across the pump are measured during an 
operation by using an additional resistance connected serially. The details to calculate the 
power consumption are discussed in Chapter 2.6.4. From the measurement shown in figure 
5.9, the energy consumption per one stroke is about 6.5 µJ when operated at 100 V. The 
power consumption is 26.0 µW at the 4 Hz operation to produce a flow of 389 µl/min, and 
the power consumption per unit flow rate is about 66.84 µW/sccm.  
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 Figure 5.9. Applied voltage, current, and power are measured for the pump. 
 
The comparison between the single-sided pump and the double-sided pump is 
shown in table 5.1. The energy consumed per stroke of the double-sided pump is bigger 
than the single-sided pump because the capacitance of the double-sided pump is bigger 
with the additional electrodes. However, since the double-sided micropump can achieve a 
larger flow rate at lower frequency range, the power consumption per unit flow rate is 
much smaller than the single-sided micropump.  
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Table 5.1. Comparison between the single-sided pump and the double-sided pump at 
maximum flow rate 
 Single-sided Pump Double-sided Pump 
Operation voltage 95 V 100 V 
Frequency at Max. flow rate 14 Hz 4 Hz 
Max. flow rate 40.3 µl/min 389 µl/min 
Energy consumed per stroke 2.6 µJ 6.5 µJ 
Energy consumption / flow rate 870 µW/sccm 66.84 µW/sccm 
 
 
5.4. Summary 
A double-sided peristaltic micropump driven by an electrostatic actuation has been 
developed. The maximum flow rate of 389 µl/min was achieved at 100 V and 4 Hz with an 
estimated power consumption of 66.84 µW / sccm. Compared to the single-sided pump, 
the maximum flow rate is 6 – 9 times bigger, and the power consumption per unit flow rate 
is 12 times smaller.  
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Chapter 6: Fabrication of Nano-scale Transport Devices 
 
6.1. Nanofluidics 
 Nanofluidics refers to the study and application of fluid flow in and around nano-
sized objects [65-67]. A variety of phenomena have been investigated in depth in 
nanofluidic structures. In nanofluidic systems, fluid interactions with the wall are most 
prominent because of the large surface-area-to-volume ratio, and give rise to the unique 
phenomena including the mechanical (the fluidic slip length) and electrochemical (the 
electrical double layer (EDL)) behaviors. Most of the nanofluidic applications are 
emerging by beneﬁting from these unique phenomena occurring at the smallest scales. 
  First of all, from the perspective of biotechnological applications, especially lab-
on-a-chip, decreasing the system scale down to nanometers considerably increases the 
sensitivity of analytic techniques and allows isolating and studying individual 
macromolecules such as DNA [65]. In addition, nanometric scales also allow new ﬂuidic 
functionalities to be developed, using the explicit beneﬁts of the predominance of surfaces; 
preconcentration phenomena [68], development of nanofluidics transistor [69], 
nanofluidics diode [70], etc. 
 Many numerical and a few experimental studies have been done on the transport in 
nanoscale including nanopores, nanotubes, nanocapillary array membranes (NCAM), and 
nanochannels [71-75].  
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6.1.1. Theory 
a. Electric Double Layer (EDL) 
When polar liquids, such as water, and a solid are brought into contact, the surface of 
the solid acquires an electric charge. The surface charge influences the migration of 
charges within the liquid near the wall. Counter ions in the liquid are strongly drawn 
toward the surface and form a very thin layer called the Stern layer in which the ions in the 
liquid are paired with charges on the surface. The Stern layer then influences the charge 
distribution deeper in the fluid creating a thicker layer of excess charges of the same 
polarity, called the diffuse layer. These two layers are called the electric double layer (EDL) 
[76]. The characteristic thickness of EDL is the Debye length, λD, which is determined by 
the shielding properties of aqueous solutions [77]. For example, the Debye length for 
deionized water (limited by the autoprotolysis of water itself) is about 800 nm and is less 
than 1 nm for concentrated salt solution [78].  Because of the proximity of charges, the 
Stern layer is fixed in place while the diffuse layer can be mobile. In particular, the diffuse 
layer has a net charge and can be moved with an electric field [79].  
Consequently, the boundary between the Stern layer and the diffuse layer is called 
the shear layer [79]. And the potential at the shear layer is called the zeta (ζ) potential, 
which influences the electroosmotic mobility.  
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Figure 6.1. Sketch of EDL showing the Stern layer and the diffuse layer 
 
b. Electroosmotic Flow 
When an electric field is applied to the fluid (usually via electrodes placed at inlets 
and outlets), the net charge in the electrical double layer is induced to move by the 
resulting Coulomb force. The resulting flow is termed electroosmotic flow. 
The body force by the electric field can be added into the Navier-Stokes equation to 
calculate the flow produced by the electro-osmotic effect. Assuming a steady isobaric flow 
strictly along the wall aligned in the x direction, a simplified form of the Navier-Stokes 
equation can be used.  
 extE
Eu ρη +∇= 20
 
(6.1) 
where η is viscosity, u is velocity, ρE is charge density, and Eext is an external electric field 
caused by an external power supply. The electric field is tangent to the wall. The electric 
force can be written in terms of a potential using Poisson’s equation. 
 
φερ 2∇−=E
 
(6.2) 
where ϕ is the potential and ε is the permittivity. Then, only a y direction gradient that is 
normal to the wall will be present.  
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This differential equation can be solved by integration with respect to y and the 
application of the appropriate boundary conditions. The boundary conditions are that the 
gradient in the fluid velocity and the potential should be zero at the edge of the EDL. At 
the wall location, the potential is set equal to the potential of the zeta potential of the wall. 
The final version of this equation is known as the Helmholtz-Smoluchowski equation 
given as 
 η
ζε extEu =
 
(6.4) 
Since the velocity of fluid due to the electroosmotic effect is proportional to the 
electric filed, the electroosmotic mobility, µeo, is defined for the purpose of comparing the 
effectiveness. 
 η
εζ
µ =eo
 
(6.5) 
There are some clear advantages to electroosmotic pumping versus pressure-driven 
pumping in small channels. Electroosmotic pumping is much easier to apply to small scale 
devices than a pressure-driven flow. When the electrical double layer (EDL) is thin, the 
flow rate of electroosmotic flow is given by  
 
2
0ruQe ∝&
 
(6.6) 
where 0u  is the velocity of the electroosmotic flow that is independent of r, the radius of 
the channel. Thus, the flow rate is proportional to r
2
 and not r
4
 as for pressure-driven flow 
for which the volume flow rate in a circular pipe is 
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where p∆  is the pressure drop,  µ is viscosity of the fluid, and l is the channel length [80]. 
This means that driving the same flow rate by a pressure gradient is much more difficult 
than by electroosmotic flow when the channel size is getting smaller.  
In addition, since an electroosmotic flow has a slip-boundary condition, a nearly-
uniform “plug” profile is produced when the Debye length is much smaller than the 
diameter of the channel [81]. This condition results in a reduced dispersion of sample 
species as compared to the velocity gradients associated with pressure-driven flows, which 
has a non-slip boundary condition. This profile ensures that the injected sample plug is not 
distorted by streaming effects, and high separation efficiency is obtained especially in 
chemical and biochemical applications [81]. As shown in figure 6.2, while the pressure-
driven flow has a parabolic profile, the electroosmotic flow has a uniform plug profile.  
 
   
Figure 6.2. This visualization shows the reduced sample dispersion for (a) electroosmotic 
flow as compared to (b) pressure-driven flow. Pictures are from [81]. 
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c. Surface-charge governed ionic transport 
At the macro scale, the conductance of bulk solution in channel, S, is a function of the 
geometry of the channel and the conductivity of the solution and defined by  
 L
A
S κ=
 
(6.8) 
where κ is conductivity, A is area and L is the length of the channel. The conductivity, κ, is 
a function of the total ionic concentration, C, given by  
 
CΛ=κ
 
(6.9) 
where Λ is the equivalent conductivity which is defined by  
 −+
+=Λ λλ
 
(6.10) 
where λ+ and λ- are the equivalent ionic conductivities of cations and anions respectively. 
For example, the equivalent conductivity of KCl, Λ, is 149.85 S cm
2
/mol at 25ºC  [82]. The 
conductance of the fluidic channel at the macro scale is linearly proportional to the molar 
concentration.  
In a nanochannel, however, the surface charges induce electronic ion screening and 
electrokinetic effects such as electro-osmosis, streaming potential and streaming currents 
that may have large effects on the conductance in a nanochannel [83, 84]. In addtion, 
significant enhancement in conductance is observed relative to the bulk properties of the 
fluid at low concentration, n [84, 85]. Stein et al. fabricated a 1015 nm high channel and a 
70 nm high channel and measured the conductance of the nanochannels using the different 
concentrations of KCl. As shown in figure 6.3, at high n, the measured conductance 
increased linearly with n, following the expected behavior. At low n, however, the 
measured channel conductance is saturated at a value which is independent of the channel 
 103 
heights and concentration. The conductance of the nanochannel at low n (~10
-5
 M) is 
bigger than expected by orders of magnitude.  
 
 
Figure 6.3. Illustrations of (a) the nanochannel assembly and (b) the cross-sectional side 
view with the electrical measurement apparatus. (c) Conductance of h=1015 and 70 nm 
aqueous filled, fused silica channels as a function of n. The lines depict the conductance 
expected in each channel from the conductivity of the bulk solution [84]. 
 
To explain the plateau of the conductance of the nanochannel at low concentrations, 
the requirement for overall electroneutrality should be considered since the surface charges 
must be balanced by counter-ions, which are present in the nanometer-sized aperture at the 
excess mobile counter-ion concentration. That is, when the bulk salt concentration is low 
enough, the nanochannel attracts counter ions to satisfy the electroneutrality condition, 
whereas co-ions are electrostatically repelled. Therefore, excess counter-ions in the 
nanometer-sized channel explain the conductance plateau at low ionic strength [79, 86]. At 
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low concentrations, the conductance of the nanochannel becomes independent from the 
height of the channel and the concentration. 
 L
w
S sσµ+= 2
 
(6.11) 
where w is the width and L is the length of the nanochannel, µ+ is mobility of counter-ions, 
and σs is the surface charge density [87]. 
 
6.1.2. Nanochannel 
A nanochannel is a channel with at least one transversal dimension in a range from 
1 nm to 100 nm [88]. A nanochannel has been attracting an increasing interest for 
biomedical applications since this length scale is about the size of bio-molecules such as 
DNA or proteins. It is widely used for DNA analysis, bio-molecule detection, biosensors, 
etc [89-94]. Besides biological applications, fluidic devices with nanochannels offer new 
opportunities to probe fundamental nano-scale transport phenomena and manipulate small 
molecules and nanoparticles [68, 95, 96]. As the interest in nanofluidics and its 
applications increases more and more, the nanochannel fabrication techniques for cost-
effective and high-throughput manufacturing are becoming important. 
Although transport through the nanoporous systems has been investigated in 
membrane science for decades, there still exist some phenomena that puzzle researchers 
[97, 98]. This is because the geometry and condition of nanopores in membranes, such as 
pore length, deviation of pore shapes from the perfect cylinders, and pore size distribution, 
are difficult to deduce and control.  
In order to overcome the limitations of nanoporous membranes and accurately 
describe transport phenomena in nanofluidics, many of the fabrication methods have been 
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developed and have shown their capability of making nanochannel devices [89, 99, 100]. 
The most common fabricating strategy is bulk micromachining followed by the bonding 
process. In bulk micromachining, microchannels and nanochannels are created in a base 
substrate using chemical/physical etching and then bonded with a cover plate. Figure 6.4a 
shows the fabrication process of bulk micromachining. The channel etched by reactive ion 
etching normally roughens the surface and the roughness of the surface will have a major 
influence on the flow characteristic of the nanochannel [89]. For the bonding process, a 
thermal bonding is usually used for the high bonding strength. For fluid visualization, a 
clear cover Pyrex plate is usually bonded on top of the nanochannel by thermal or anodic 
bonding. However, these techniques are sensitive to particulate defects on the surface and 
require thorough cleaning processes. The temperature and pressure associated with this 
thermal bonding process pose considerable limitations in selection of materials. Silicon 
and/or glass must be used for the process, far from being low-cost and large-scale [100]. In 
addition, integration of the metal electrodes into the nanochannels as well as the polymer 
coatings is not feasible with the thermal bonding technology. These techniques are also 
subject to collapsing of channels during the bonding process and have a limitation on the 
aspect ratio of the channel. 
 Another fabrication method is surface micromachining using a sacrificial layer 
shown in figure 6.4b. In surface micromachining, the region to later become nanochannels 
is patterned on a substrate with the sacrificial material followed by deposition of the 
structural material. After the sacrificial layer is etched away, nanochannels are created. The 
height of the channel is the thickness of the sacrificial layer. Therefore, the dimensions of 
these channels are generally restricted by the maximum sacrificial layer thickness that can 
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be deposited within an acceptable time period (several microns) [89]. The biggest 
challenge in this method is that the etching rate of the sacrificial layer decreases fast along 
the nanochannels due to the slow diffusion of the etchant in nanochannels and therefore the 
overall channel length will be limited [93, 100, 101]. The experiments of Stern et al. 
showed that this method has an upper limit of the channel lengths of about 3–5 mm [102]. 
Moreover, it can take up to 80 h of etching time for a 2-mm-long, 10-µm-wide and 50-nm-
high channel. Sparreboom et al. reported a rapid etch method to surface-micromachined 
nanochannels with integrated noble metal electrodes using a single metal sacrificial layer 
[103]. This method is based on the galvanic coupling of a chromium sacrificial layer with 
the gold electrodes, which results in a 10-fold increase in etch rate with respect to 
conventional single metal etching. 
 
Figure 6.4. A schematic shows nanochannel fabrication processes; (a) bulk machining and 
(b) surface machining method. 
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Many fabrication methods for nanochannels are based on Si and glass since the 
microfabrication techniques for Si and glass are well-developed and their mechanical and 
chemical properties are well studied.  
Nowadays, polymers are gaining more interest as nanochannel substrates and 
materials because polymers provide an attractive alternative to glass-based materials for 
nanofluidics due to the diverse range of their physical and chemical properties, low 
material costs, a variety of surface modification protocols that can be used, and a number 
of fabrication techniques that can be employed to make the prerequisite structures. The 
fabrication modalities include the techniques such as hot embossing, which have been well 
demonstrated in the area of microfluidics that can produce devices in a high production 
mode and at low-cost. [104, 105]. To utilize polymers as substrate materials of 
nanochannel devices, many methods have been developed including nano-imprint 
lithography and nano-molding [89, 93, 97, 106]. The most common method to fabricate a 
polymer nanochannel is nano-imprinting or nano-molding. In the nano-imprinting and 
nano-molding, a silicon mold with the nanochannel pattern is fabricated, and a layer of 
polymer is hot embossed by this Si mold to create nanochannel trenches in polymer. Then, 
the second layer was thermally bonded to seal the nanochannels. The primary advantage of 
the polymer processing is that nanofluidic devices can be produced in high volume and at 
low-cost [105]. Even the nanoscale features can be produced at low-cost as opposed to the 
direct write fabrication methods (e.g. e-bean lithography) typically used for glass-like 
nanofluidic devices. The main challenge in fabricating polymeric nanochannels is the 
multiple orders of magnitude lower Young’s modulus compared to glass and Si. This low 
Young’s moduli cause a collapse of the nanochannel during bonding at high temperature, 
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limiting the geometry of the nanochannel such as an aspect ratio (AR=height/width) [93]. 
Abgrall et al. has fabricated nanochannels in PMMA with a depth of 80 nm and AR 
ranging from 0.008 to 0.05. The glass-glass nanochannel can have AR down to 0.0005 
with a depth of 25 nm [93]. 
 
6.2. Nanopore fabrication by using Focused Ion Beam 
6.2.1. Motivation 
This research is a part of design and fabrication of fluidic circuits for molecular 
gate tool bit. The goal of this project is to develop a multi-functional tool for studying 
science of various printing methods at nanoscale and for the nanoscale fabrication. The 
tool electro-osmotically controls the flow of discrete ink (sample) packets within a 
microfluidic device circuit for mixing and transporting samples. And through nanopore 
arrays, it can make a droplet outside of the device and transfer the sample to the substrate 
by the contact printing method. Figure 6.5 shows the conceptual design of the fluidic 
circuit for the molecular gate tool bit for contact printing. 
 
Figure 6.5. A schematic shows a conceptual design of fluidic circuits as a part of the 
molecular gate tool bit for nanoscale printing.  
 
An electroosmotic pump which has an embedded electrode in a nanopore is the last 
part of the device shown in figure 6.5 and plays a role in pumping the fluid through a 
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nanopore and making a micro-droplet for nanoscale printing. The scheme of this pump is 
shown in detail in figure 6.6. It consists of microchannels for transport of sample materials 
and an electrode-integrated nanopore made by Focused Ion Beam (FIB). By applying a 
voltage between the microchannel and the electrode embedded in a nanopore, an 
electroosmotic flow is induced, and a packet of fluid can be pumped through a nanopore.  
By pumping a fluid through a nanopore, micro-/nano-droplets can be generated on 
the outside of the device. The applications of micro droplet generators are increasingly 
widespread in various fields such as inkjet printing, biochemical sample transport and 
screening, direct writing/packaging for deposition of light emitting polymer displays, and 
integrated circuit cooling [87]. In addition, the utilization of a nanopore with an embedded 
electrode makes it easier to integrate the pump into existing microfluidic chips as a direct 
interface to various bio-analytical units for sample mixing, collection, and separation, etc.  
 
Figure 6.6. A schematic of an electroosmotic pump with an embedded electrode 
 
6.2.2. Fabrication 
The device consists of a polycarbonate block as a substrate and reservoirs, a 
PMMA layer with microfluidic channels for transport of samples, and an embedded 
electrode layer. Three layers are fabricated separately and bonded together. Figure 6.7 
shows three individual layers. 
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Figure 6.7. A diagram shows the individual layers of the device.  
 
a. Microfluidic channel layer 
 A PMMA layer with a microchannel pattern is required to connect the nanopore to 
the reservoirs and transport the sample.  
PMMA is spincoated on a solvent-cleaned coverglass at 900 rpm and cured at 180ºC 
for 16 hours. The thickness of PMMA is about 20 µm. To etch the microchannel, Al layer 
is deposited to be used as an etch mask. A 50-nm-thick Al layer is deposited on PMMA 
and PR is spincoated on the Al layer and exposed in UV with a mask. And, the PR and 
exposed Al is etched in AZ® 327 MIF photoresist developer (AZ Electronic Materials, 
Branchburg, NJ). PMMA is etched in an O2/Ar reactive ion etcher (RIE) at 500 W for 25 
min. After RIE etching, Al is removed. To bond the PMMA layer on the polycarbonate 
block (substrate), an epoxy-based adhesive with a contact printing method is used [50]. 
After bonding to the PC block, the stack is soaked in hot water for 15 min. Then, PMMA 
absorbs water, expands, and then, releases from the coverglass.  
 
 111 
b. Embedded Electrode layer 
The scheme of an embedded electrode layer is shown in figure 6.8. The electrode 
layer consists of three layers: a bottom SU-8 layer, a metal electrode layer, and a top SU-8 
layer. SU-8 is spin-coated on the solvent-cleaned coverglass and cured. This layer is a base 
of the integrated electrode layer. The thickness of this layer determines the length of 
nanopore from the microfluidic channel to the electrode. To keep the electrodes electrically 
isolated from the microchannel, the electrical insulation property of this layer is very 
important. For a good insulation, the thickness is set as 20 µm. Although the thicker the 
layer becomes, the better insulation can be achieved, the hydraulic resistance of the 
nanopore increases as the thickness of this layer increases. The thickness of 20 µm was 
chosen for the optimum thickness to achieve both good insulation and low flow resistance. 
 
Figure 6.8. A cross-sectional view of the integrated electrode layer before a FIB nanopore 
is made. 
 
On the cured SU-8 layer, the electrode material is deposited. Before metal 
deposition, the SU-8 layer was oxygen plasma treated with 100 W power for 1 minute to 
increase the adhesion of the electrode layer to the polymer. For this research, nickel and 
palladium were used for the electrode material. A 10-nm-thick layer of Ni was deposited 
by thermal evaporation followed by 90 nm of palladium. The photoresist was spincoated 
on the metalized layer and exposed to UV with a mask of a desired electrode pattern. And 
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then, exposed photoresist was developed, and sequentially, the unwanted metalized region 
was etched away leaving the desired electrode pattern. 
The reasons why Ni and Pd were used as electrode materials are (i) that Ni and Pd 
have very good adhesion to SU-8 and (ii) that they absorb hydrogen which is generated 
due to electro-hydrolysis. Pd can absorb up to 900 times its own volume of hydrogen at 
room temperature and atmospheric pressure [86]. 
After patterning the electrode layer, a 1-micron-thick SU-8 layer is spin-coated on 
the patterned electrode layer and cured. This layer keeps the electrode insulated from the 
microchannel. 
 
c. Nanopore made by using Focused Ion Beam 
A nanopore is the most essential part of this multilayer device. Focused Ion Beam 
(FIB) (FEI Strata Dual Beam 235) is used to fabricate a nanopore which is 500 nm or 
smaller in diameter through a multilayer which is thicker than 20 µm. Before drilling, a 
thin aluminum layer is deposited on the embedded electrode layer as a conductive layer 
required in FIB. The drilling time and aperture size depend on the feature size to be 
fabricated and the volume to be etched. For finer features, a smaller aperture is used even 
though the volume is the same [107]. Figure 6.9 shows the picture of an array of FIB-
drilled nanopores. The inlet and outlet of the nanopore fabricated by FIB can be observed 
on the surface of the layer by an optical microscope or SEM as shown in figure 6.9. 
However, the observation of the cross section of the nanopore is impossible without 
cutting the sample. To check the possible variation of a diameter along the channel, the 
sample is cut by FIB was well. Figure 6.10 shows the cross section of the nanopore. The 
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dark area is SU-8 and the bright area is embedded electrode. As shown in the figure, the 
pore is relatively straight with a variation of diameter from 200 nm to 500 nm. This 
variation is caused by the difference in molecular weight and etch rate in FIB between 
metal and polymer. Also, the bright area along the channel is observed, which is resulted 
from the charge accumulation during etching.   
 
 
Figure 6.9. Optical images of the micro fluidic devices and an SEM image of an array of 1 
µm diameter nanopores  
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Figure 6.10. An SEM image (left) and a schematic (right, not in scale) show the cross 
section of the nanopore fabricated by FIB. A bright layer in the SEM image under the 
surface is an embedded electrode. The diameter of the nanopore is about 500 nm.  
 
After drilling a nanopore through the integrated electrode layer by FIB, the Al layer 
is removed. Then, the embedded electrode layer is transferred to a PDMS carrier, aligned 
and bonded to the microfluidic channel base by using an epoxy-based adhesive. Since SU-
8 is transparent, alignment and bonding are possible. After bonding, for an electrical 
contact, a part of the top SU-8 layer is etched and the wires are soldered. 
 
6.2.3. Experimental 
The transport of a fluid was monitored by an inverted microscope (Leica DMIRE2, 
Leica Microsystems, Bannockburn, IL). The images were captured with a CCD camera 
(Retiga Exi FAST, Qimaging Corp., Burnaby, Canada) using Image-Pro Plus software 
(Media Cybernetics, Silver Spring, MD). A Pt wire is immersed into the reservoir for the 
electrical contact, and a voltage was applied between the reservoir and the embedded 
electrode. Using National Laboratory data acquisition setup, the applied voltage was 
controlled, and the current along the nanopore was monitored simultaneously. 100mM 
phosphate buffer is used as an electrolyte. 
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6.2.4. Results and Discussion 
The structure with an embedded electrode in a nanopore can be applied for a micro 
droplet generator which can make a micro droplet outside of the device. The device 
consists of a microchannel layer for delivery of samples to the nanopore and an embedded 
electrode layer for electroosmotic pumping through a nanopore.  
The surface of the device is covered with a 1 µm thick hydrophobic Teflon layer. 
Since Teflon is ultra-hydrophobic with the contact angle of about 110˚, a near-spherical 
shape droplet can be formed at the outlet of the nanopore while the transport occurs. 
Without the hydrophobic layer on the surface, the fluid pumped through the nanopore may 
spread upon the surface and it will be difficult to print on the substrate. The droplet formed 
on the surface is shown in figure 6.11. The micro droplet is observed with an inverted 
microscope when the potential is applied between microfluidic channel and the embedded 
electrode. 
 
Figure 6.11. A schematic (not in scale) shows the generation of micro droplet using a 
nanopore with an embedded electrode layer and Teflon coating. 
 
When a voltage is applied, a micro droplet outside of the device is growing 
continuously as shown in figure 6.12. The applied voltages are 5 V and 10 V.  The growth 
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rate of the droplet at 10 V is higher than that of 5 V. However, if the applied potential is 
too high, electrolysis occurs and the bubbles start disturbing the flow.  
 
Figure 6.12. A droplet is growing on the outside of the device when (a) 5V DC is applied 
and (b) 10V DC is applied. Scale bar is 50µm.  
 
From the data, the volume of the droplet is calculated to estimate the flow rate 
through the nanopore assuming the droplet is semi-sphere on the surface. (see figure 6.13) 
However, the micro droplet generated on the surface of the device will be exposed to the 
air and the evaporation of droplet occurs simultaneously. To accurately estimate the flow 
rate through a nanopore, the evaporation rate of the droplet should be considered and 
compensated. 
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Figure 6.13. Test results of the generation of micro droplets. The diameter of the droplet is 
measured by time and the volume of the droplet is calculated from the data to estimate the 
flow rate through the nanopore.  
 
 To estimate the evaporation rate and the flow rate through the nanopore, a 
simplified model is considered with several assumptions; (i) the droplet is a semi-spherical 
shape on the surface, (ii) the flow rate, Qin, is constant with a constant applied voltage, and 
(iii) the evaporation coefficient, h, is constant determined by the relative humidity. 
 The growth rate of the droplet is given by 
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And the flow rate through the nanopore is vrQ pin )(
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electroosmotic velocity in the pore and rp is a radius of the pore. The evaporation rate is 
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a fitting parameter representing the nonlinearity, and θr is relative humidity at the surface 
of droplet.  
The variables are non-dimensionalized as following.  
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With the non-dimensionalized variables, the equation for volume of droplet can be 
expressed as  
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 119 
 
Figure 6.14. Non-dimensionalized model with tc=8 sec and v*=15000 fits the experimental 
data.  
 
Then, tc and v
*
 values to fit the experimental data are found as shown in figure 6.14. 
With 8 sec of tc and 15,000 as v*, the non-dimension model fits to experimental data. From 
these values, the velocity of fluid, v, can be calculated.  
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6.2.5. Challenges 
 This approach has many challenges in fabrication and characterization of the 
nanochannel. First, the inherent adhesion of the metal layer to the polymer layer is poor. 
Even the adhesion is improved with surface roughness incurred from the oxygen RIE 
treatment, delamination often occurs between the metal layer and the polymer layer. In 
addition, the difference in the coefficient of thermal expansion (CTE) is another reason for 
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delamination. As seen in figure 6.15, the metal layer is often wrinkled due to the weak 
adhesion and CTE mismatch. Another challenge is that it is hard to study nanofluidics with 
this nanopore. As shown in figure 6.10, the diameter of the nanochannel is varying along 
the channel and hard to define its geometry. Since the actual geometry of the nanochannel 
cannot be defined, it is difficult to make the theoretical explanation of the test results. At 
last, the characteristics including the re-deposition phenomenon and the charging effect of 
the nanopore fabricated by FIB in the polymer layer are not studied. These characteristics 
may have effects on the fluid motion in nano scale.  
 
Figure 6.15. A metal layer on SU-8 layer is often wrinkled during the fabrication process.  
 
6.3. Nanochannel fabrication by using Detachment lithography 
6.3.1. Motivation 
As discussed in the previous section, despite many advantages, an attempt to study 
nanofluidics using a FIB-fabricated nanopore faces many challenges. First of all, the 
geometry of the nanopore is not defined well, and it is impossible to observe the cross-
section of the pore during operation. To make the observation of the nanofluidic 
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phenomena in nanochannels easier, a slit-like nanochannel with a transparent ceiling is 
required.  
 There have been many fabrication methods for nanochannel with Si, glass, and 
polymers. In this study, we propose a soft-lithography-based fabrication technique to 
create an array of nanochannels using an adhesive layer as a spacer between two substrates. 
A thin (250~600 nm) adhesive layer is coated on a PDMS carrier and patterned using 
detachment lithography. Then, the patterned adhesive film is transferred to a substrate and 
bonded the second substrate to seal the channel. The adhesive layer is sandwiched between 
two substrates as a spacer layer to determine the height of the channel as well as a wall 
structure to define the channel width. This technique has several advantages over the 
conventional nanochannel fabrication techniques mentioned above. First, since an adhesive 
is used as a bonding agent, a much wider selection of substrate materials can be integrated 
into nanofluidic system. For example, this technique can be applicable to uncommon 
materials such as metal, ceramic, and polymer as well as common materials such as Si and 
glass. Secondly, since this thermally-cured adhesive requires bonding/curing temperature 
less than 140°C, it enables us to integrate the temperature sensitive materials such as metal 
electrodes and self-assembled monolayers (SAM) into nanochannels. Thirdly, an 
extremely wide nanochannel (> 1cm wide) with a low aspect ratio (height/width) can be 
fabricated because substrate collapsing during bonding is not an issue. Even if the middle 
of the channel walls would sag and touch the opposite side during bonding, two substrates 
remain unbonded because of the absence of adhesive and/or low bonding temperature. At 
last, this technique can be applicable to a ‘roll-to-roll’ process for mass production of 
nanochannels. We believe that the proposed technique provides a facile, inexpensive, 
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scalable method to fabricating 1D or 2D nanochannels for various applications such as 
fluid manipulation, energy harvesting, water purification, separation sciences, etc. 
 
6.3.2. Fabrication 
 Figure 6.16 shows the fabrication process of the nanochannel using detachment 
lithography. A fresh epoxy-based adhesive solution is prepared in house, and its synthesis 
and characterization are described elsewhere [50]. A thin film of the epoxy-based adhesive 
(250~600 nm) is spin-coated on the flat PDMS stamp, which is cleaned with solvents 
(figure 6.16a). The adhesive film on the PDMS stamps is brought into a conformal contact 
with the pre-patterned Si mold. The Si mold has pre-etched features that will define the 
pattern of the adhesive film, e.g. an array of lines and spacings. For better transfer of the 
film, the Si mold is oxygen plasma treated for 1 min at 100 W before contacting with the 
adhesive film. And the stack of the stamp and mold is heated on 50°C hotplate for 1 min 
(figure 6.16b). Then, the stack is subsequently placed on an aluminum block (about 4°C) 
for 1 min to cool down the film and promote the fracture and detachment of the film 
(figure 6.16c). When the PDMS stamp is peeled from the Si mold with a high peeling 
speed (>10 cm/s), the regions of the adhesive film in contact with the Si mold are detached, 
leaving the opposite patterns on the stamp (figure 6.16d and e). Detached and picked up by 
the stamp, the patterned adhesive film is brought into a conformal contact with a receiving 
substrate and annealed on 50°C hotplate (figure 6.16f). After the PDMS stamp is peeled 
away, the adhesive pattern is transferred onto the receiving substrate. To reduce interfacial 
adhesion between the stamp and PR film and to ease the printing of patterns on the 
receiving substrates, we peel away the stamp at a slower rate and an elevated temperature 
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(~60ºC). Solvents in the adhesive layer are removed upon softbaking at 110°C (Figure 
6.16g). Before bonding the 2
nd
 substrate, the thickness of adhesive films is measured with a 
profilometer (Alpha Step IQ, KLA-Tencor, Milpitas, California). Finally, the 2
nd
 substrate 
is bonded onto the adhesive pattern on the 1
st
 substrate. As the two plates are bonded, the 
gaps are generated by the adhesive pattern and became nanochannels. Therefore, the 
nanochannels are enclosed by two adhesive sidewalls and glass top/silicon bottom walls. 
To control the bonding parameter such as curing temperature and applied force, a bonder 
(EVG 501S, EVG Group, Tempe, AZ) was used. 
 
 
Figure 6.16. A schematic shows a fabrication process for a nanochannel using detachment 
lithography. 
 
a. Patterning and transferring of adhesive layer  
 As mentioned in the previous section, the adhesive is spincoated on a carrier, a 
PDMS puck, and patterned by detachment lithography. Then, the patterned adhesive layer 
is transferred to the substrate by the transfer printing method. To explore the transferability 
of the patterned adhesive layer, various strip patterns with different thicknesses (250 ~ 
600nm), widths (25 ~ 200 µm) and spacings (3 ~ 500 µm) were tested. Figure 6.17 shows 
the adhesive strips patterned and transferred onto the coverglass substrate (figure 6.16g). In 
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the figure, the width and thickness of the strips are 25 µm and 250 nm respectively and the 
spacings between the strips varies from 3 µm to 500 µm. As shown in figure 6.17, the 
adhesive layer are patterned and transferred with a high yield and the fidelity to the mold. 
The length of the strip can be longer than 1 cm which makes it possible to fabricate a 1 cm 
long nanochannel. Unlike the nanochannels created by sacrificial etching, there is no 
physical limit in the length of the nanochannels. The transferred/patterned spacing between 
the strips is as small as 5 µm. 
 
Figure 6.17. Optical microscope images of the patterned adhesive layer transferred onto a 
substrate are shown. The illustration shows the side view for a better indication of adhesive 
layer on the glass substrate (not scaled) 
 
b. Capping the nanochannel by bonding the 2
nd
 substrate 
 After the adhesive pattern is transferred, the 2
nd
 substrate is bonded onto the 
adhesive layer to cap the nanochannel. It is important to note that depending on the applied 
pressure and heat during the bonding process, the adhesive pattern can be squeezed and 
spread since the viscosity of the adhesive is reduced as the temperature increases. It makes 
the adhesive layer thinner, leading to a shallower nanochannel in the end. To describe the 
spreading characteristic of the adhesive layer, a spread ratio (b/a) is defined as the ratio of 
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the width after bonding process (b) to the width before the bonding (a). Bonding 
temperature is held constant at 140°C due to the required curing temperature of the 
adhesive material, and therefore the spread ratio depends on the bonding pressure as well 
as the geometry of the adhesive pattern including the thickness and width. Figure 6.18 
shows the dependency of the spread ratio of a 300-nm-thick layer to the applied pressure. It 
is shown that the higher pressure induced the higher spread ratio, which looks obvious. 
The interesting point is that the narrower patterned strip has a higher spread ratio than the 
wider strip. 
 
  
Figure 6.18. A graph shows the spread ratio of 300 nm thick adhesive pattern at different 
applied pressure and the pattern width. a is width of adhesive patterns before bonding and 
b is after bonding.  
 
Figure 6.19a shows the spread ratio of adhesive strips with the different thickness 
and width when bonded with 3.2 MPa of the applied pressure. The thicker the film and the 
narrower the patterned strip becomes, the higher the spread ratio is. Assuming that the 
volume of the adhesive remains constant during the bonding process, the height of 
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fabricated nanochannel can be calculated from the spread ratio. Figure 6.19b shows the 
expected height of nanochannels after the bonding process. For example, the spread ratio 
of a 50-µm-wide pattern with 302 nm in thickness is about 1.5, and the calculated height of 
the nanochannel after bonding the 2
nd
 substrate is about 200 nm.  
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Figure 6.19. (a) Film thickness vs. spread ratio (b/a) when 2000 N (3.2 MPa) was applied. 
(b) The height of the nanochannel after the bonding process was calculated for the spread 
ratio and the thickness of adhesive. Length a and b represent the width before bonding and 
after bonding respectively. 
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Figure 6.20 shows the SEM image of the cross-section of a nanochannel. The 
thickness of adhesive before bonding was 664 nm and the bonding pressure was 3.2 MPa. 
The height of the nanochannel after bonding is measured to be about 320 nm.  
 
Figure 6.20. The SEM image of the cross section of a nanochannel made with two glass 
substrates. The adhesive pattern was transferred onto a glass substrate, and another glass 
substrate was bonded to cap the channel. The surface inside the nanochannel looks groovy 
due to the debris from dicing. Scale bar indicates 500 nm. 
 
 
6.3.3. Application 
Using this fabrication technique, a nanochannel-microchannel device was 
fabricated. The microchannel was etched using a conventional lithography and a deep 
reactive ion etching on a Si substrate. And a nanochannel pattern of the adhesive was 
transferred between the etched microchannels on the Si substrate. Figure 6.21a shows the 
transferred adhesive strips on a Si die between the microchannels. The width and thickness 
of the adhesive strips were 25 µm and 300 nm, respectively, before bonding. As shown in 
figure 6.21a, the adhesive layer was prone to cracks during the transfer process due to the 
excessive stress on the surface of the PDMS stamp. But, these cracks were filled during the 
boding process by spreading (see figure 6.21b). To seal the channel, a 200-µm-thick cover 
 129 
glass was bonded onto the adhesive pattern. Figure 6.21b shows the squeezed adhesive 
strips after the bonding process. The adhesive layer was spread about 125 µm wide at the 
middle of the channel, and the height of the nanochannel was estimated to be about 60 nm. 
However, the spread ratio was not uniform along the channel mainly due to the non-
uniform stress distribution, and it resulted in the variation in height and width of the 
channel.  
 
 
Figure 6.21. (a) The adhesive strips were transferred on the Si substrate with the 
microchannels. (b) The adhesive strips were squeezed after bonding the 2
nd
 substrate on the 
top of the adhesive layer. The scale bar shows 100 µm.  
 
Figure 6.22 shows the fluid filling process of the nanochannel by the capillary force. 
After the reservoirs were filled with isopropanol alcohol, the microchannel on the left side 
was filled first, and the two nanochannels were then filled by the capillary force. Capillary-
induced filling was enabled because the top and bottom surfaces of the channel, silicon 
oxide and glass, were hydrophilic. But, since the sidewall of the nanochannel, epoxy, was 
relatively hydrophobic, the meniscus of the fluid was convex in the nanochannel as shown 
in figure 6.22b. 
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Figure 6.22. Filling test of the nanochannel. The height of the nanochannel was about 300 
nm. (a) the microchannels on both sides and the nanochannels were initially empty, (b) the 
microchannel on the left side was filled first and started to fill the nanochannels, (c) the 
nanochannels were completely filled by the capillary force, and (d) the transported fluid 
made the droplets on the other side. The scale bar indicates 100 µm. 
  
6.4. Conclusion 
 In this chapter, fabrication technique of nanopore and nanochannel is discussed. In 
the first part of this chapter, a nanopore made by focused ion beam is introduced. The 
nanopore with 500 nm diameter and 20 µm length is fabricated on a SU-8 layer and used 
for electrokinetic transport by using an embedded electrode.  
In the second part of this chapter, nanochannel arrays are fabricated by utilizing a 
detachment lithography technique. An epoxy-based adhesive on a flat PDMS stamp is 
patterned by using a pre-patterned mold and transferred onto a substrate. By bonding 2nd 
substrate, the nanochannels are capped. Since the adhesive used in this study is cured at 
relatively low temperature, this technique can be applied to various materials including 
 131 
polymer, In addition, an extremely wide nanochannel (> 1cm wide) with low aspect ratio 
(height/width) can be fabricated without worrying about collapsing. The channel height is 
determined by the spread ratio during the bonding process.  
 This technique may reduce the fabrication cost for nanochannel compared to 
traditional nanochannel fabrication techniques. And the nanochannels fabricated with the 
method presented in this study can be used for a wide range of applications including DNA 
separation and concentration. 
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Chapter 7: Conclusion 
 
7.1. Summary  
In chapter 2, development of electrostatically driven valve-less peristaltic gas 
micropump is reported from selection of materials to fabrication and characterization. To 
minimize the dead volume of the micropump, one single chamber design is utilized. 
Electrostatic actuation with a peristaltic pumping mechanism enables low power 
consumption and simple structure. The micropump consists of a Si chamber and a flexible 
polyimide diaphragm. The electrodes are fabricated on the chamber floor and the 
diaphragm for electrostatic actuation. For a peristaltic motion of the diaphragm, 4-
sequence signal is applied to the electrodes on diaphragm. The maximum flow rate is about 
40 µl/min at 14 Hz and 100 V of actuation voltage. The back pressure was about 320 Pa 
with 24.6 µl/min of flow rate. Due to the leakage of system, the maximum back pressure 
could not be measured. From the pressure and flow rate data, the calculated efficiency of 
the micropump was about 6.4%. Although this micropump has relatively low back 
pressure resistance, the power consumption per unit flow rate is about one order of 
magnitude smaller than previously reported as micropumps. Unfortunately, since the 
power consumption and thermodynamic efficiency are rarely reported, a direct comparison 
to previous literature is not possible. However, efficiency above 5 % in MEMS device can 
be considered as high.  
Chapter 3, 4, and 5 are about the modification of the basic design in chapter 2 to 
improve the performance of the micropump including flow rate and power consumption. In 
chapter 3, a stepwise chamber fabricated by a 3D structure fabrication technique, called 
detachment lithography, is introduced. Compared to the vertical chamber fabricated by 
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BOSCH process, the stepwise chamber reduces the dead volume of the chamber and 
increases the effective stroke volume resulting in higher flow rate especially at low 
frequency regime. In addition, the stepwise structure decreases the minimum actuation 
voltage and makes portable devices more feasible. However, the zipping action of the 
stepwise chamber slows down the diaphragm and limits the actuation frequency in lower 
regime than the vertical chamber. The maximum frequency is about 33.1 µl/min with 5 Hz 
and 90 V of actuation.  
In chapter 4, a multi-electrode design is introduced to increase the characteristic 
frequency and, as a consequence, increase the maximum flow rate. With a single chamber 
design, the chamber is divided into separate cells by the electrodes on the diaphragm. By 
utilizing more electrodes with narrower width, the chamber divided into smaller cells and 
the characteristic frequency of the devices increases as the number of electrodes increases. 
A simple model is made to expect the characteristic frequency of the micropump. Devices 
with 4, 8, 16, and 32 electrodes were fabricated and tested. As expected in the theoretical 
model, the characteristic frequency to maximize flow rate increases proportionally to 
square of the number of electrodes. However, as the number of electrodes increases, the 
strain energy to stretch the diaphragm increase and there exist an optimal number of 
electrodes for maximum flow rate. Among 4 different devices, a 16-electrode device has 
the maximum flow rate of 248 µl/min at 1400 Hz.  
In chapter 5, a double-sided chamber is utilized to increase the stroke volume and 
the flow rate. Theoretically, double-sided chamber has 4 times bigger flow rate than single-
sided chamber at the same operation frequency. The maximum flow rate and are 389 
µl/min and at 4 Hz and 100 V of operation, which is about 6 - 9 times bigger than single-
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sided chamber. This is because the electrodes on the top and bottom chamber pull-and-
push the diaphragm simultaneously and confine the position of the diaphragm maximizing 
the stroke volume. The power consumption per unit flow rate is 67 µW/sccm, which is 12 
times smaller than that of single-sided chamber.   
Table 7.1 is a comparison chart of performances of different designs developed in 
this research.  
Table 7.1.  Performance and operation conditions of the micropumps in this research 
Design 
Max. 
Flow rate 
(µl/min) 
Characteristic 
Frequency  
(Hz) 
Max. 
Back 
Pressure 
(Pa) 
Chamber 
area 
(mm
2
) 
Operation 
Voltage 
(V) 
Single-sided 
4 electrodes 
(Chap 2) 
40.1 14 320 160 95~115 
Stepwise chamber 
4 electrodes 
(Chap 3) 
33.1 5 N/A 160 60~90 
Single-sided 
16-electrodes 
(Chap 4) 
248 1400 N/A 160 160 
Double-sided 
4 electrodes 
(Chap 5) 
389 4 N/A 160 100~120 
 
In chapter 6, fabrication of nanoscale transport devices including nanopore and 
nanochannel is discussed. The first part of chapter 6 is about nanopores on a SU-8 layer 
fabricated by focused ion beam. A multilayer device with microchannels and nanopores is 
developed as a part of a molecular gate tool bit for nanoscale printing method. An array of 
nanopore of 500 nm diameter and 20 µm was fabricated on a multilayered device and the 
electrokinetic transport using an embedded electrode is observed at different applied 
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voltage. From the transport experiment, the electrokinetic flow rate is estimated by non-
dimensionalized modeling. However, since the geometry inside the nanopore is not 
uniform and hard to be defined, it is difficult to study the fundamental nanofluidics with 
this nanopore. In addition, more reliable fabrication with polymer layer and metal layer 
remains challengeable.  
In the latter part of chapter 6, to overcome the disadvantage of the FIB-fabricated 
nanopore, a nanochannel fabrication technique using detachment lithography is developed. 
Using detachment lithography, a thin (<300 nm) layer of epoxy-based adhesive is 
patterned on a PDMS carried and transferred to a substrate. By bonding another substrate 
on the adhesive pattern, the channel is capped.  This method has several benefits over the 
conventional nanochannel fabrication techniques including wider selection of substrates 
and lower boding temperature (~140°C). Using this method, a microchannel/nanochannel 
device is fabricated using Si and glass substrate and conductance of nanochannel at 
different concentration of solution is measured. 
 
7.2. Outlook and Future work 
 My research on the development of micropumps has shown potentials of 
developing high performance micropumps through modification of designs. The 
electrostatic actuation consumes less power than piezoelectric and thermo-pneumatic 
actuation, and the peristaltic mechanism eliminates a need for a complicated structure such 
as valves. The single chamber design reduces the dead volume of the pump. In addition to 
these basic features, the stepwise chamber allows better flow control, the multi-electrode 
design increases the characteristic frequency, and the double-sided chamber increases the 
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stroke volume. By utilizing these features together, a micropump with higher performance 
could be developed. Furthermore, I suggest parallel connection of several micropumps to 
increase the flow rate. A thin and planar shape of these micropumps enables piling up 
several devices for higher performance.  
 Moreover, this micropump has a relatively simple structure and can be fabricated 
on a flexible polymer substrate such as 100 µm thick Kapton film. The substitution of a Si 
chamber to a flexible polymer chamber makes the device flexible so that it can be applied 
on a curved surface to save space.   
 The nanochannel fabrication technique using detachment lithography has shown a 
way to fabricate a nanochannel in a cheaper way than conventional methods. A cheaper 
fabrication of nanochannels makes it more achievable to facilitate nanochannel to actual 
applications. By using epoxy-based adhesive as a structure material, a nanochannel can be 
fabricated on various substrates including polymer, ceramic, and metal. This would allow 
some interesting researches on nanofluidics of diverse surfaces.  
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